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ABSTRACT
CHARACTERIZATION OF THE FAST AXONALLY
TRANSPORTED PROTEINS IN THE RAT OPTIC PATHWAY
Suiafei Mulugeta
Eastern Virginia Medical School and Old Dominion University, 1997
Director Bruce W. Tedeschi

The fast axonally transported proteins represent a subset of neuronal proteins that
are conveyed anterogradely as secretory vesicle constituents from the perikarya.
Although fast transport displays properties consistent with the general secretory pathway,
neuronal structure presents special problems which may require modifications of the
general pathway. The elucidation of these special modifications is essential for a more
complete understanding of neuronal function both in normal and pathological conditions.
In order to characterize the fast transported (FT) proteins and to better understand fast
transport trafficking, the FT of radiolabeled retinal ganglion cell (RGC) proteins in the
adult rat optic pathway was studied. The optic pathway model system afforded the
opportunity to delineate FT trafficking in the axon from FT trafficking at pre-synaptic
terminals. Radiolabel studies of FT proteins revealed six distinct classes of proteins.
The first class of FT proteins were found to have little or no trafficking preference for
axons or pre-synaptic terminals.

The second class of FT proteins exhibited no

compaitmental trafficking preference and decreased in specific activity from 4-48 hr
post-labeling. Such decrease could suggest rapid turnover of these FT proteins. A third
class of FT proteins showed increased specific activity only in the axon compartment at
24 hour post intra-ocular labeling (PIL). A fourth class of FT proteins appeared to be
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trafficked to both compartments, but with a slower time course than the general FT
population. The fifth and sixth classes of proteins represent those proteins that were
preferentially localized to the terminal and axon compartments, respectively.
Fractionation of synaptosomal membranes revealed that the majority, but not all, of FT
proteins were conveyed as integral membrane proteins. Immunoprecipitation revealed
the major 35S-methionine labeled protein in the rat optic pathway (SNAP-25) was found
to be associated with specific subsets of FT and slow transported (SCb) proteins. In
summary, the FT proteins in the rat optic pathway displayed heterogenous transport
initiation, kinetics, compartmentation, and intermolecular association. Since axons lack
sorting organelles (e.g., Golgi), these results suggest that neurons have evolved complex
mechanisms for differential delivery of FT proteins from the perikarya.
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CHAPTER I
INTRODUCTION

A.

REVIEW OF THE LITERATURE

A key question in cellular neurobiology is how proteins are directed to the various
specialized regions of the neuronal cell. Neurons are characterized by highly elongated
extensions, i.e., the dendritic and axonal processes, that can extend over distances
thousands of times greater than the cell body diameter and comprise a total volume of
cytoplasm hundreds of times greater than the cell body volume (1,2). Nevertheless, it
is the cell body, containing the protein synthesizing machinery, that is responsible for the
maintenance of the whole neuronal mass. Thus, during development, maturity, and
regeneration, proteins making up the axon and terminal, as well as those that are
secreted, are essentially generated in the cell body and then conveyed by axonal transport
to their axonal and terminal targets (3). The neuron’s normal operation, therefore,
depends on the accurate delivery of these proteins from the cell body to the specific
axonal and terminal destinations by specialized transport systems.

Discerning the

complex series of events that are involved in the transport of these proteins is
fundamental to understanding the normal function of neurons.

The current study

examines the kinetics and compartmentation of one population of the axonally transported
proteins, the anterograde fa st axonally transported proteins.

The Model Journal used for this dissertation was The Journal of Cell Biology.
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1.

BASIC PRINCIPLES OF NEURONAL PROTEIN SYNTHESIS AND
TRAFFICKING
With the exception of axonally transported mitochondrial proteins, essentially all

of the neuronal proteins are translated in the cell body and dendrites (4, 5). Each
protein bears targeting sequences which initially direct the protein to one of four
destinations: the cell nucleus, mitochondria, peroxisomes, or rough endoplasmic
reticulum (RER).

Proteins that are destined to the nucleus, mitochondria, and

peroxisomes, along with cytoplasmic proteins, are synthesized on free polysomes.
Proteins destined for the secretory pathway or lysosomes are co-translationally directed
to the RER.
Proteins, directed to the RER via a signal sequence, are either completely inserted
into the RER lumen or tethered to RER membrane by hydrophobic transmembrane
domain(s). The fate of lumen-soluble or membrane-bound proteins depends on the signal
sequence within each protein (6). Proteins, that contain retention signals, remain in the
ER and Golgi apparatus (GA) as membrane-bound or soluble luminal constituents.
Proteins, lacking retention or lysosomal targeting signals, are packaged in the trans-Golgi
network (TGN) for the secretory pathway.
Transfer to the secretory pathway takes place from the RER either via transition
vesicles which shuttle to the cis-face of the GA (7, 8) or via a system of tubules that are
continuous between RER and GA (9). Within the RER and GA, proteins are altered by
a series of proteolytic cleavages, glycosylations, sulfations, or other post-translational
modifications. These modifications depend on the specific enzyme content within the
RER and the cis-, medial-, and trans-segments of the GA (10, 11).
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As in other non-neuronal cell types, two secretory pathways, known as
constitutive and regulated pathways, exist in neurons (12, 13, 106, 108).

The

constitutive pathway refers to Golgi-derived vesicles that continuously I) refurbish the
plasmalemma by bringing newly-formed membrane and membrane-associated molecules
to plasma membrane 2) recycle existing membrane back into the cell, primarily through
endosomes and 3) secrete viral proteins, enzymes, growth factors, and extracellular
matrix molecules by fusion with the plasma membrane. This pathway occurs in the
absence of signals (e.g., calcium/depolarization). In contrast, the regulated pathway
refers to secretory and synaptic vesicles that fuse with the plasmalemma and release their
contents (neuroactive peptides, neurotransmitters, neruomodulators) in response to
external stimuli.
Membranous organelles of the secretory pathway, therefore, carry a number of
different type of proteins: integral and peripheral membrane proteins that are destined
to the plasmalemma, soluble proteins that are destined for secretion at the plasma
membrane, and motor proteins that carry the vesicles on slower moving microtubules
(14, 15, 16, 17, 18). Among the integral and peripheral proteins, uncharacterized
proteins may exist to code the vesicles for their final destination (19). Thus, transfer of
membrane and membrane-associated molecules between the protein synthesizing
machinery and the plasmalemma is accomplished by a directed transport of vesicles.

2.

TOPOLOGY OF VESICLES
During their synthesis and sorting, proteins of the secretory pathway are

segregated from proteins of the cytoplasm (37, 43, 44). Studies have demonstrated that
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4
the side of internal membranes facing the vesicle lumen is topologically equivalent to the
side that will be facing the outside of the cell when the vesicle fuses with the cell
surface.

For vesicle integral membrane proteins, the lumenal domain of the internal

protein will be exposed on the extracellular membrane surface upon exocytosis, and the
cytoplasmic domain will be exposed on the cytoplasmic membrane surface. Evidence for
this topology was determined in the studies of newly synthesized glycoproteins. The
glycotransferase enzymes responsible for the glycosylation of polypeptide chains are
restricted to lumenal domains. Thus, while the glycoproteins face the lumen during
vesicular intracellular transport, they emerge as extrinsic cell surface determinants when
they reach the plasmalemma (45, 46, 47).

3.

AXONAL TRANSPORT
Radioisotopic studies of the axonal transport system have revealed the

simultaneous movement of at least five distinct categories of proteins, each transported
at a different rate and/or direction (20, 21). The first four groups of transport represent
the anterograde transport from the cell body to the periphery of the neuron. Two groups
of proteins are carried by slow axonal transport at rates of 0.2 to 1 mm/day and 2 to 5
mm/day and are designated slow component a (SCa) and slow component b (SCb),
respectively. Slow axonal transport proteins include components of the cytoplasmic
matrix and associated proteins, including cytoplasmic enzymes of intermediary
metabolism (22, 23). SCa proteins include tubulin, neurofilament triplet, tau proteins,
and spectrin. SCb proteins include actin, clathrin, spectrin, myosin and myosin-like
proteins, nerve-specific enolase, creatine kinase, calmodulin, aldolase, and pyruvate
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kinase. These slow transported proteins may serve to replenish worn out structural
proteins and to supply such proteins to growing axons.
Two groups of proteins are transported by hist axonal transport at rates ranging
from 50 to 400 mm/day. Mitochondria, and associated proteins such as FI ATPase, are
transported at rates of 50 to 100 mm/day. The major population of anterograde fast
transported (FT) proteins are transported as constituents of membranous organelles at
rates of 200 to 400 mm/day (21). These organelles include secretory vesicles, synaptic
vesicles, large dense cored vesicles, multivesicular bodies, and lysosomes or
prelysosome-like organelles (25, 26, 27, 28). The membranous FT organelles are
predominantly small vesicles with an average diameter of 80 nm.

However,

neurosecretion is mediated by several types of vesicles (29, 30, 31, 32). Large dense
cored vesicles appear to typically contain neuropeptides and secretory proteins. Small
dense cored vesicles contain transmitter-associated enzymes (e.g., dopamine
6-hydroxylase for adrenergic neurotransmitters).

Small clear vesicles contain

neurotransmitters such as glutamate, y-aminobutyric acid (GABA), and acetylcholine.
Other proteins that have been shown to be fast transported include Na+-K+ ATPase and
growth associated proteins (GAPs).

The relative number of these vesicles varies

depending on the cell type. No proteins of the cytoplasmic matrix have been detected
moving with the FT membranous organelles, while the membranous organelles of the
smooth endoplasmic reticulum appear to be moving at a rate slower than FT proteins (24,
97). In addition, the movements of these FT organelles have been directly observed
using video enhanced microscopy, and the rate of their movement is consistent with
studies performed with radioisotopes (51, 52, 53).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6

The fifth and last group, categorized as fast retrograde axonal transport (RT),
represents directed movement of organelles from the neuronal periphery to the cell body
at rates of about 100 to 200 mm/day (1 to 2 pm/s). Similar to anterograde FT proteins,
the RT proteins are components of membranous organelles. These RT organelles appear
to be morphologically similar to many of the organelles associated with endocytosis.
These organelles include multi-vesicular bodies, lysosomes, pinocytic vesicles and
receptor-mediated endocytic vesicles.

In addition, a substantial proportion of the

organelles is composed of vesicles that are morphologically indistinguishable from the
anterogradely transported vesicles (25, 26). Retrograde transport may also serve to
remove worn-out or old membrane constituents from the plasma membrane while
anterograde fast transport replenishes such constituents.
This brief account describes the nature of organelles and most proteins that are
destined for axonal transport. The following section will outline, in greater detail, the
complex series of events that are involved in sorting and trafficking of the anterograde
fast axonal transported proteins.

4.

FT PROTEINS
As described earlier, proteins destined for the cell surface membrane or secretion

are synthesized in polysomes coupled to the RER. They then pass, via vesicle shuttle
or direct membrane continuities, to the GA for post-translational modification/sorting and
leave the GA as constituents of secretory vesicles. Since FT involves the translocation
of vesicles, a prediction would be that the FT proteins are initiated from the RER-GA
system.
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Evidence for the initiation of FT in the RER-GA has been described in numerous
studies (25, 26, 27, 28). For example, autoradiographic electron microscopy has
revealed that radiolabeled proteins appeared to pass sequentially from the RER to GA to
the axon (33).

Upon entering the axon, the membrane-associated proteins are

presumably conveyed by a fast axonal transport microtubule-based mechanism (34, 35).
RER-GA dependence of FT proteins has also been shown in pharmacological-based
studies. Monensin, a Na+ ionophoie that is known to interfere with intracellular traffic
through the GA (36), significantly reduced accumulation of FT proteins in the axon.
Further, Co2+, an antagonist of Ca2+-mediated events (vesicle transfer from RER to GA
and release of vesicles at the trans-GA), and brefeldin A, which disrupts the cis- and
medial-GA, both appeared to also decrease the amount of radiolabeled FT proteins
delivered to the axon (36,105). Similar pharmacological studies in non-neuronal systems
have demonstrated a reduction of radiolabeled integral membrane cell surface proteins
and released secretory proteins (48, 49, 50). Thus, routes, by which membrane and
secretory proteins reach the axon, appear as variations of a common pathway. One
variation is that proteins destined to the axon appear to be routed at a steady rate through
the constitutive pathway rather than the regulated pathway which requires extracellular
stimuli.
Since the membrane-bound transport of FT proteins as vesicle components
requires the assembly of a protein-lipid complex, inhibiting lipid synthesis might be
expected to decrease transport of FT proteins. Experimental drug studies support this
proposition. Both fenfluramine, an agent that affects phospholipid biosynthesis, and
diazacholestrol, an agent that blocks the final step of cholesterol biosynthesis, have been
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shown to inhibit protein or phospholipid fast transport (109).

5.

INITIATION OF FAST TRANSPORT
Some FT proteins may enter a storage pool in the cell body prior to entering the

axon. Studies have shown prolonged release of lipids (58, 59), proteins (60, 61, 62, 65,
66), and glycoproteins (63) from the neuronal soma. These results have been interpreted
to suggest that some material may enter a storage pool from which they are slowly
released and then conveyed by fast transport once they enter the axon. Other FT proteins
may display even more complex kinetics. For example, some synapsin I, a
neuron-specific FT phosphoprotein that is found associated with the surfaces of small
synaptic vesicles, displays a rapid initiation profile; while a second synapsin I
subpopulation seems to enter a delayed release storage pool (62, 64, 107).

6.

PROTEIN TARGETING
As previously described, proteins are encoded with sorting sequences which target

them to specific intracellular organelles. The pharmacological studies suggest that most
FT proteins contain a signal sequence targeting them to the RER. The first evidence for
such sorting signal sequences came from studies utilizing mRNA-diiected cell-free
systems.

When translated in vitro, many eucaryotic proteins, hormones, and

immunoglobulin light chains appear to have higher molecular weights than their in situ
molecular size (39, 40, 41, 42). In each case, the difference was found to be at the
N-terminal region of the protein and corresponded to the first 18-30 amino acid residues.
This N-terminal leader or signal sequence was subsequently shown to attach the polysome
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to the RER and lead the growing polypeptide chain through the membrane into the lumen
of the RER.

The signal sequence is eventually cleaved from the protein in the RER

prior to chain completion. Do neuronal proteins contain additional structural signals
necessary to initiate their FT, as well as, target them to specific final destinations?
Post-translational modification may play an important role in determining the fate
of newly synthesized FT proteins. For example, glycosylation has been shown to: (1)
protect its protein moiety against proteolysis; (2) assist in determining the glycoproteins’
final destination (54); and (3) serve as a membrane functional determinant at the cell
surface (55). Axonal transport studies, using metabolic isotopic sugar labeling, have
shown that glycoproteins are specifically conveyed with the FT protein population and
are not conveyed among the slow transported proteins. In addition, the molecular weight
of these glycoproteins are predominantly greater than 35 kDa as estimated by sodium
dodecyl sulfate-polyacrilamide gel electrophresis (SDS-PAGE) (56).
When visualized by 2D fluorogiaphy, most of the carbohydrate-containing species
line up as groups or families of spots, each group having a similar molecular weight but
different isoelectric points. Studies utilizing neuraminidase treatment of FT proteins, an
enzyme that removes sialic acid residues from glycosylated proteins, have demonstrated
that each group can represent a single protein type with individual species bearing
different sialic acid charge units. Many of the spots in a group collapse to a single larger
spot, following neuraminidase treatment, while other spots are either unaffected or
shifted to more basic isoelectric points (56).
Sulfation is another post-translational modification which appears to play a role
in assisting FT proteins to their destinations. Sulfated glycoproteins have been shown
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to travel among FT proteins (57) and may be involved in directing FT proteins to the
terminal region of the neuron.
Thus, in neurons, FT proteins display behavior characteristic of secretory pathway
proteins.

7.

DIFFERENTIAL DELIVERY OF FT PROTEINS
Preferential delivery of FT proteins either to the axon or terminals has been

reported in several studies (63, 67, 110, 111, 112, 113, 114, 115). Cancalon and
Beidler, using the long unmyelinated axons of the garfish olfactory nerve, demonstrated
the preferential delivery of FT protein to the axon and pre-synaptic terminal (67). Oneand two-dimensional electrophoretic of FT proteins in both garfish and bullfrog systems
(67, 68) have shown that, while predominantly lower molecular weight species tend to
be preferentially deposited in the axon, higher molecular weight species are transported
to the terminal. Further, some of the FT proteins that appeared to be destined for presynaptic terminals contained sulfated tyrosine residues. This result suggests that the
presence of sulfation on tyrosine residues may play a role in sorting some FT proteins
to the nerve terminal (69, 77). Support for this hypothesis came from tissue culture
studies showing that K+ stimulation of pheochromocytoma cells (PC-12 cells) resulted
in secretion of sulfate-containing proteins (70, 78).
In support of differential routing of FT proteins, a recent study has presented
evidence for heterogenous populations of FT membranous organelles (71). Subcellular
fractionation of the rabbit optic nerve after intraocular labeling revealed three populations
of organelle that were transported into the axon. The lightest density membrane fraction
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population (diameters >200nm) appeared to be stationary in the axolemma.
Immunological studies of this population revealed the presence of glucose transporters,
which are normally abundant in the axolemma.

The intermediate density fraction

population (vesicular diameters —84 nm) appeared to be mobile and disappeared from
the axon with kinetics consistent with fast transport. The protein contents (glucose
transporters, synaptophysin, and kinesin) of this population suggested that this population
of organelles is destined to both axons and terminals. The heaviest fraction population
contained FT synaptophysin and tachykinin neuromodulators which are pre-synaptic
terminal proteins suggesting that this population of organelles is destined to the terminals.
Thus, the results of such studies suggest that not all FT proteins are routed to the same
destination following initiation from the soma.

8.

SNAP-25
Perhaps the most intensively investigated organelles at the pre-synaptic terminals

are the synaptic vesicles (72, 73, 74), owing to their unique functional properties in the
storage and release of chemical messengers

(e.g.,

neurotransmitters

and

neuromodulators). Most synaptic vesicle-associated proteins have been purified and are
well characterized (72, 75). These vesicle-associated proteins play important roles in the
targeting, docking, and fusion of the synaptic vesicles at pre-synaptic terminals (76).
The 25 kDa synaptosomal associated protein (SNAP-25) and syntaxin are
neuronal-specific plasma membrane proteins that act in concert with other pie-synaptic
terminal proteins, including the synaptic vesicle proteins, to mediate exocytotic
membrane fusion and neurotransmitter/neuromodulator release (79). SNAP-25 and
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syntaxin function as target synaptic vesicle receptors (t-SNARES) by binding to specific
vesicle-associated proteins, the vesicle synaptic vesicle receptors (v-SNARES).

In

neurons, the v-SNARES are synaptobrevin (also known as VAMP) and synaptotagmin.
Recent evidence suggests that the t-SNARES and v-SNARES form a precomplex,
followed by a displacement of synaptotagmin for a core fusion complex comprised of
N-ethylmaleimide-sensitive factor (NSF) and three isoforms of soluble NSF-associated
proteins (a-, 6-, and y-SNAPs) (80).

The important roles of the t-SNAREs and

v-SNARES in exocytosis have been demonstrated by studies utilizing botulinum
neurotoxins (BoNTs), which specifically act on the SNAREs.

BoNTs penetrate

motomeurons at the neuromuscular junction where they block acetylcholine release.
These toxins are zinc-dependent endopeptidases that selectively cleave SNARE proteins,
thereby inhibiting the docking and fusion of synaptic vesicles (81, 82, 83).

The

particular botulinum neurotoxins that cleave SNAP-25 include serotypes A, C, D, and
E (82, 83, 84).
Evidence suggests that SNAP-25 may also be involved in axonal growth and
differentiation. SNAP-25 is expressed in axonal growth cones during elongation, and this
elongation can be halted by selective inhibition of SNAP-25 (85). Two isoforms of
SNAP-25 (SNAP-25a and SNAP-25b) can be generated by alternative splicing of exons
(86, 87). The two isoforms are characterized by a different clustering of cysteine
residues involved in post-translational palmitoylation, an important mechanism for
membrane anchoring of SNAP-25. These isoforms are differentially regulated during
development (88). In the neonatal rodent brain, the low levels of SNAP-25 mRNA
consist predominantly of the SNAP-25a isoform, whereas during synaptogenesis and
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brain maturation, there is a dramatic induction of SNAP-25 mRNA principally by the
upregulation and preferential expression of the SNAP-25b isoform (88, 89).
The sequence of SNAP-25 is known and displays several important properties.
First, SNAP-25 has a large number of methionine residues. In fact, it is the most
prominent species among methionine-labeled proteins conveyed by fast axonal transport.
Its conspicuous appearance among methionine-containing proteins has lead to the
designation, superprotein.

Radiolabel studies have shown that SNAP-25 incorporates

greater than 14% of total FT 35S-methionine, more than 20 times the average
incorporation, in rabbit retinal ganglion cells (62, 90, 91). Although SNAP-25 may be
methionine-rich, its abundance is relatively low. For example, SNAP-25 has not been
detected by staining of electrophoretically separated proteins with Coomassie blue or
silver (92).
Second, SNAP-25 is a major substrate for palmitoylation (93). Unlike most
integral membrane proteins, SNAP-25 lacks a sufficient hydrophobic domain for insertion
into the membrane. Instead, it is anchored to the membrane on the cytoplasmic face by
palmitoyl side chains attached to four tandem cysteine residues. SNAP-25 appears to be
palmitoylated in the cell soma prior to transport initiation.
Finally, lowered SNAP-25 expression has been shown to be associated with
certain behavioral abnormalities. Locomotor hyperactivity and delayed neurobehavioral
development have been observed in the mouse heterozygous SNAP-25 mutant (coloboma)
(94, 95). Moreover, the relative abundance of FT SNAP-25 in rat motomeuron has been
shown to increase after chronic exercise (96). This result has been interpreted to suggest
that SNAP-25 may play a role in the exercise-induced changes of neuronal morphology
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and physiology.

B.

STATEMENT OF THE CURRENT INVESTIGATION

As stated in the brief account outlined in part A, the anterograde fast axonal
transported proteins ate believed to be conveyed as components of membranous
organelles (vesicles) from the neuronal perikarya to their axonal and pre-synaptic
terminal compartments. The basic cellular mechanisms of vesicular packaging and
sorting of the secretory pathway have been resolved (4, 5, 9, 11, 12, 13, 15). However,
the neuronal mechanisms underlying the specialized axonal secretory pathway are not
well understood. It is not clear how FT proteins arrive at specific destination sites
following the initiation of axonal FT. It was the purpose of this study to characterize the
trafficking of the newly synthesized FT proteins. By using the mammalian optic pathway
as a model system (which has been used widely to study axonal transport), the FT
proteins were characterized regarding their targets, kinetics, packaging, and
intermolecular associations along the transport pathway.
The compartments of adult neurons offers several advantages in the study of
protein expression.

The translational (ribosomes, mRNA) and sorting/trafficking

machinery of the GA are restricted to the somal/dendritic compartments. In contrast, the
axon/terminal compartments are believed to be lacking this machinery.

Such

compartmentalization in adult neurons permits the study of protein expression in cellular
compartments separate from the translational/sorting compartments. Microinjection of
labeled precursors, such as 35S-methionine, near the vicinity of adult neuronal cell bodies,
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such as the mammalian retinal ganglion cells (RGCs), allows the precursors to be
incorporated into neuronal proteins resulting in the production of labeled proteins in vivo.
Some of these labeled proteins are then selectively transported into the axonal
compartment. At various time intervals following pulse labeling to allow the movement
of FT into the optic pathway, optic nerve/optic tract (ON/OT, respectively) proteins and
superior colliculus (SC) (pre-synaptic terminals, primarily) proteins can be studied.
The anatomy of the ocular chamber, itself, provides a further methodological
advantage.

The RGCs extend their axons through the sclera/choroid somewhat

anatomically isolating the RGC cell bodies face from the axon and terminal regions.
Thus, when radioisotopes are injected into the vitreous ocular chamber, they remain
confined within the eye. The only radioactivity found in the axons and terminal regions
should be axonally transported pulse-labeled proteins from the cell bodies of the RGCs.
The first study examined the distribution and kinetics of FT proteins in the rat
optic pathway. By radiolabeling the rat RGC proteins in vivo and using 2D-SDS-PAGE
and fluorography, two-dimensional maps were obtained representing radiolabeled proteins
along the optic pathway.

From qualitative and quantitative analyses of these two

dimensional maps, the relative differences in trafficking of FT to the axon and terminal
compartments were evaluated. The results delineated various classes of FT proteins
based on their trafficking behavior. In addition, the two-dimensional maps were used to
examine the kinetics (turnover) of individual FT proteins.
The second study examined the packaging of FT proteins within the transported
organelle (i.e., vesicles). After radiolabeling RGC proteins and allowing fast transport
to reach the terminals, synaptosomes from the terminal tissues (SC) were prepared.
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Synaptosomes were fractionated to yield integral membrane, peripheral membrane, and
soluble vesicular components. One- and two-dimensional fluorographs of each fraction
were analyzed to evaluate the membrane/soluble distribution of individual FT proteins.
The final study investigated intermolecular association of SNAP-25 (superprotein)
during transport.

Labelled FT or slow transported (SCb) proteins were

immunoprecipitated with SNAP-25 antibodies and labeled co-immunoprecipitates
analyzed by lD-PAGE/fluotography. Variation in intraocular pulse kinetics (4 hr pulse
vs. 12 day pulse), preceding immunoprecipitation (IP) procedures, allowed the
differentiation of FT co-immunoprecipitated (CO-IP) proteins from slow transported COIP proteins.
In summary, an in vivo model system was utilized to study trafficking of
individual newly synthesized FT proteins. The polarization of adult neuronal cells
allowed the analysis of FT trafficking in cell regions (ON/OT, SC) spatially distinct from
the synthesis/packaging compartments (soma). Compartmental analysis of FT proteins
was performed to describe the trafficking of individual FT proteins.

Further, the

distribution of FT proteins comprising the transported organelle was made utilizing
synaptosomes fractionation procedures.

Synaptosomal fractionation revealed this

packaging of FT proteins as constituents of membrane organelles. Finally, the possible
intermolecular relationship during transport of the abundant FT protein (SNAP-25) was
assessed in CO-IP experiments.
The results of the present studies have provided further insights into the complex
mechanisms underlying FT protein trafficking.

Six distinct class of proteins were

identified according to their differential spatial and temporal localization in the adult rat
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optic pathway. The first class of proteins were localized to both compartments (axon and
terminal) without showing any major preference to either one. The second class of
proteins were either expressed transiently or decreased their expression significantly over
a period of time. Increased expression in the OT at 24 hr post intra-ocular injection
represented the third class of protein; whereas, delayed appearance with increased
expression, as transport time lengthened, characterized the fourth class of proteins. The
fifth and six classes of proteins represent those proteins that were preferentially localized
in axon and terminal regions, respectively. Evidence of possible prolonged release from
the neuronal perikarya was observed in most of the resolved FT proteins. Most FT
proteins in the rat optic pathway were conveyed as constituents of integral proteins.
Relatively low amounts of soluble proteins were detected. Finally, SNAP-25 was the
major 35S-methionine labeled proteins (over 25% of total FT proteins) in the adult rat
optic pathway. It appeared to associate with other FT and SCb proteins in the axon and
terminal regions. This result suggests that some FT proteins (e.g., SNAP-25) may have
elaborated intermolecular relationships during their optic pathway translocation.
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CHAPTER II
MATERIALS AND METHODS

A.

MATERIALS

1.

ANIMALS
Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 275 to 300g,

were used in all experiments. Care and surgical handling of all rats were in accordance
with guidelines specified by the institution’s Animal Care and Use Committee and NIH
Guide fo r the Care and Use o f Laboratory Animals. Copies of approval for these
projects can be obtained at the institution’s department of Office of Research.

2.

RADIOISOTOPES
35S-methionine (1000 Ci/mM), purchased from Dupont (New England Nuclear,

Boston, MA), was used in all experiments.All work withradioisotopes was performed,
in designated laboratories by certifiedindividuals and in accordance to the guidelines
specified by the institution’s Radiation Safety Committee. Copies of certificates of
approval to use radioisotopes can be obtained at the institution’s department of
Environmental Health and Safety/Radiation Safety Program office.
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3.

EQUIPMENT
Eppendorf Centrifuge, model 541S; Beckman Centrifuge, Model J-21C; and

Beckman L7 Ultracentrifuge have been used for samples requiring centrifugal forces of
< 12Xg, <50Xg, and >50Xg, respectively. Quantification of radiolabeled polypeptides
was determined using the Omni Media Scanner (XRS) 12cx, Sun Solaris miictosystem
hardware, and the Unix, Bio-Image computer software system. The Beckman LS-7000
Liquid Scintillation Spectrometer was used for acid precipitable counts per minute (CPM)
determination of radiolabeled protein transport. Ultrastructural analyses of synaptosomal
fractions were performed using the Phillips 301 transmission electron microscope. The
Protean n electrophoretic apparatus (BIO-RAD) was used for SDS-PAGE procedures.
Gels were dried with the model 583 gel dryer (BIO-RAD).

4.

ANTIBODIES
Primary murine monoclonal antibodies, against SNAP-25, were purchased from

Chemicon International, Inc. (Temecula, CA). Secondary antibodies of anti-mouse IgG,
developed in rabbit using purified mouse IgG as the immunogen, were acquired from
Sigma Immuno-Chemicals (St. Louis, MO).
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B.

METHODS

1.

PROTOCOL FOR PREFERENTIAL LOCALIZATION AND KINETICS OF FT
PROTEINS STUDY
Three animals per experiment corresponding to three time intervals (4, 24, and

48 hr) were used for this part of the study. The experiment was repeated four more
times to substantiate results (figure 1).
Retinal ganglion cell proteins of the left eye were radiolabeled by intraocular
injection of 35S-methionine. At 4, 24, and 48 hr post-labeling, animals were sacrificed,
and labeled optic pathway components Oeft retina, left ON, right OT, and right SC)
were dissected, and proteins were solubilized in denaturation buffer. Protein radiolabel
activity, count per minute (CFM), in optic pathway was assessed by acid precipitable
scintillation counting. This provided a quantitative measure regarding the distribution
of the FT total protein population in the different compartments of the optic pathway.
Denatured tissue proteins were separated and analyzed by 2D-SDS-PAGE for each
electrophoretic experiment, and the success of the 2D technique was confirmed by
Coomassie blue staining of the gels. The relative 2D gel locations of several abundant
proteins (actin, tubulin, etc.) on two dimensional gels are known and detectable by
Coomassie-blue (sensitivity to — lpg/spot). Such staining, provided a control check for
the 2D separation. Gels were then fluorographed and exposed to x-ray film for various
periods of time. Film spots, representing labeled proteins, were examined both visually
and by densitometry to evaluate the relative labeling of the various proteins making up
the FT proteins in each neuronal compartment. Comparison of the relative labeling of
individual proteins between compartments, and evaluation of the relative abundance of
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each protein between the different times of post-labeling, were performed.
One potential experimental problem is that optic pathway proteins might be
radiolabeled as a result of local synthesis, rather than fast axon transport from RGCs.
This could happen if isotopic precursors reached the ON, OT, and/or SC by either tissue
diffusion or blood-borne transport and the precursor was subsequently utilized locally to
synthesize radiolabeled proteins. This possibility was controlled for in three ways.
First, the 2D fluorographs themselves served as diagnostic controls for possible local
utilization of precursors. Since actin and tubulins are the major synthesized proteins in
tissues, but are not fast-transported proteins, then the presence of these radiolabeled
proteins on 2D fluorographs are indicative of local synthesis rather than fast transport.
Second, the activity of radiolabeled proteins in the tissues of the primary optic pathway
from the non-labeled eye were compared with the activity in the corresponding tissues
from the labeled eye. Any local utilization of precursor would be detected as significant
labeling in the primary optic pathway tissues from the non-labeled eye.

Finally,

radiolabeled SC proteins in 2D fluorographs were compared under conditions where the
RGC was radiolabeled with conditions where the SC itself was directly radiolabeled
labeled. Local labeling would be suspected if the 2D patterns were similar under both
labeling conditions.
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Flow diagram for the determination of preferential
localization an d kinetics of FT proteins
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FIGURE 1. Flow diagram for the determination of preferential localization and kinetics
of FT proteins. This procedure required four to seven weeks; three to six days, from
intraocular injection to fluorography, and up to six weeks for x-ray film exposure.
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2.

PROTOCOL FOR CHARACTERIZING PROTEIN CONSTITUENTS MAKING
UP THE FAST TRANSPORTED VESICLES
RGC proteins of the left eye were radiolabeled with 35S-methionine. At 4 hr

post-labeling, animals were sacrificed and synaptosomes were prepared from the
contralateral SC. During synaptosomal preparation, the pre-synaptic nerve terminals are
tom away from their axons and sealed to form detached particles called synaptosomes
(116, 117, 118). Synaptosomes are then separated from other subceUular particles using
fractionation procedures. Synaptosomes have been shown to retain the morphological
features and biochemical composition of the intact pre-synaptic terminal. Thus, the
synaptosomal preparation allows examination of the pre-synaptic FT protein components
of the RGC without the interference of possible post-synaptic contamination. Further,
fractionation procedures (sodium carbonate, and osmotic lysis methods) have been shown
to work well with synaptosomal and microsomal fractions (101, 101).
The synaptosomal fraction was divided into two equal parts to be used in two
distinct separation procedures. First, the sodium carbonate (Na^COj) method was used
to separate the integral from the peripheral and soluble proteins. Second, the osmotic
lysis method was used to separate soluble proteins from the integral and peripheral
proteins. The following fractions were obtained from these separation procedures:
integral proteins only; peripheral and soluble proteins; soluble proteins only; and integral
and peripheral proteins. Following separation, labeled protein activity in each fraction
was measured by acid precipitable scintillation counting. Then, ID- or 2D-SDS-PAGE
was performed for each fraction, PAGE gels were fluorographed, and fluorographed gels
exposed to x-ray films for various periods of time. Fluorographic spots, representing
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labeled proteins, were analyzed to determine the individual proteins that make up the
integral, peripheral, and soluble components of the synaptosomal fraction (figures 2 and
3).

3.

PROTOCOL FOR IMMUNOPRECIPITATION WITH ANTI SNAP-25
Two animals per experiment were used. In each experiment the first animal was

sacrificed 4 hr post-labeling to study the association of SNAP-25 with other FT proteins,
and the second animal was sacrificed 12 days post-labeling to evaluate the association of
SNAP-25 with slow transported (SCb) proteins (figure 4).
The RGC proteins in the left eye of the rats were radiolabeled with 35Smethionine. At 4 hr and 12 day post-labeling, rats were sacrificed and the components
comprising the major axons and terminals of the optic pathway were removed and
homogenized with a non-denaturing detergent. The relative activities of labeled proteins
in collected compartments (left retina, left ON, right OT, and right SC) were measured
by acid precipitable scintillation counting. The tissue of each compartment was divided
into two equal volumes, subjected to immunoprecipitation with SNAP-25 monoclonal
antibodies, or control antibodies (anti-mouse IgG antisera) and CO-EPs analyzed by
1D-SDS-PAGE. PAGE gels were fluorographed and exposed to x-ray films for various
period of time.

The 4 hr and 12 day post-labeling experiments revealed

co-immunoprecipitation of SNAP-25 with FT and SCb proteins, respectively.
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Flow diagram for characterizing protein
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FIGURE 2. Flow diagram for the determination of proteins constituents making up the
FT vesicles. The synaptosomal preparation and the separation procedures required three
and four hours, respectively.
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Further illustration of separation procedures in Figure 2
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FIGURE 3. Further illustration of separation procedures in figure 2. The FT proteins
in the Figure represent all membrane bound integral, peripheral and soluble proteins
including cell surface membrane and multivesicular body FT proteins.
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Flow diagram for immunoprecipitation with anti-SNAP-25
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FIGURE 4. Flow diagram of SNAP-25 immunoprecipitation. Immunoprecipitation
required two days.
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4.

PROTOCOL FOR THE DETERMINATION OF ATP DEPENDENCY OF
SNAP-25 ASSOCIATION WITH FT AND SCb PROTEINS
To assess whether any SNAP-25 associations were ATP dependent, apyrase (an

inhibitor of ATP hydrolysis) was removed from the immunoprecipitation procedure.
Instead, ATP (final concentration I mM) was added to sample solutions.

5.

SPECIFIC METHODS
a.

Radiolabeling RGC proteins - Adult male Sprague-Dawley rats were used

in all experiments.

Prior to radioisotope

administration, animals were

anesthetized with intraperitoneal administration of sodium pentobarbital (35
mg/kg). Then 35S-methionine (approximately 1 to 2 mCi), reduced to 2-3 pi
volume under nitrogen, was injected with a Hamilton syringe into the vitreous
chamber of the left eye. The needle penetrated the sclera as close to the retina
as possible, and the needle tip was placed adjacent to the retina, thereby allowing
radioactive labeling of the RGC proteins.

b.

Sample preparationfo r 2D-SDS-PAGE - At various post-labeling intervals,

animals were sacrificed with lethal injection of sodium pentobarbital. 5 pieces
of tissues (left retina, left ON, right OT, and right SC) were removed.
Approximately 2-3 mm of the ON proximal to the retina was discarded to
minimize the effect of isotope diffusion from the eye into the nerve. Sample
preparation was performed as described by O’Farrell (99). Briefly, each tissue
or synaptosomal pellet (see below) was homogenized in a glass-on-glass
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homogenizer containing 1.0% SDS, 10% B-mercaptoethanol, and 8 M urea in a
total volume of 28 pi. The homogenate was then transferred to a microcentrifuge
tube containing 40 pi of lysis buffer (2% NP-40, 2% ampholytes [4-6, 5-7, and
3-10ina2:2:l ratio, respectively], 9.5 Murea, and5% B-mercaptoethanol), and
10 pi of lysis supplement (10% NP-40 and 9% ampholytes [4-6, 5-7, 3-10 in a
2:2:1 ratio, respectively]). Final volume of solution was 78 pi. The sample was
clarified by centrifugation (8,00OXg, 10 min), and the supernatant was transferred
into a clean tube for scintillation counting and 2D-SDS-PAGE analysis.

c.

2D-SDS-PAGE - Isoelectric focusing (EEF) (Erst dimension) was

performed in cylindrical gels (3 mm diameter by 12 cm long) containing 4%
acrylamide, 9 M urea and 2% ampholytes (4-6, 5-7, and 3-10 in a 2:2:1 ratio,
respectively). The gels were electrophoresed for 9,000 V-hr (500 V for 16 hr
followed 1000 V for 1 hr) in

cathode and anode buffers (0.1 M sodium

hydroxide, anode; and 1.7 mM phosphoric acid, cathode).

Gels were then

equilibrated (30 min) in a solution containing 2.3 % SDS, 5% B-mercaptoethanol,
10% glycerol, and 6.2 mM Tris-HCl. For the second dimension, gels were
fused with 1% agarose onto stacking and separating gels containing 4.5% and
10% of polyacrylamide, respectively (29.2:0.8 acrylamide:bis-acrylamide ratio),
and electrophoresed in a running buffer containing 0.3% tris-HCL, 1.44%
glycine, and 0.1% SDS at constant current of 25 mA per gel.

d.

1D-SDS-PAGE - Tissues for electrophoresis were homogenized in a
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glass-on-glass homogenizer containing 75 pi of Laemmli’s (103) buffer (10%
glycerol, 5% B-mercaptoethanol, 2.3% SDS, and 0.062 M Tris-HCl (pH 6.8),
and 0.001 % bromophenol blue). Following homogenization, each sample was
heated at 100°C for 5 min and centrifuged at 8,000Xg for 10 min and loaded on
a 10% polyacrylamide slab gel. Pre-stained molecular weight markers were
loaded to calibrate the molecular weights of the samples.

Gels were

electrophoresed in a running buffer containing 0.3% Tris-HCl, 1.44% glycine,
and 0.1 % SDS at constant current of 25 mA. Following electrophoresis, the gels
were processed for Coomassie blue staining and fluorogiaphy.

e.

Synaptosomalpreparation - All steps were performed at 4°C. Tissue from

the right SC was placed in 10 ml sucrose buffer (0.32 M sucrose; 1 mM MgCl2;
150 mM methionine; and 10 mM HEPES, pH 7.4).

Each tissue was

homogenized in a Teflon-glass homogenizer at 900 rpm for sixteen strokes.
Homogenate was centrifuged at lOOOXg for 10 min, and supernatant was
collected. The pellet was resuspended with an additional 10 ml of sucrose buffer
and re-centrifuged at lOOOXg for 10 min to increase the synaptosomal yield of the
sample. This supernatant was added to the first supernatant, and the pellet
containing the nuclear pellet was discarded. The supernatant was then centrifuged
at 12,100Xg for 20 min, and the crude synaptosome was pelleted.

This

synaptosome pellet was washed twice with isotonic buffer, HEPES-buffered
physiological saline (10 mM HEPES, pH 7.4; 146 mM NaCl; 4 mM KC1; 10
mM dextrose; 0.5 mM sodium pyruvate; and 2 mM MgClJ and centrifuged at
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35,000Xg for 20 min each to obtain a final synaptosomal pellet.

f.

Acid precipitable radioactivity measurement - Acid precipitable

radioactivity was determined by precipitating 1 p 1 aliquot from each sample in 1
ml of 10% trichloroacetic add (TCA) and 50 p i of carrier bovine serum albumin
(5 mg/1). The precipitate was pelleted by centrifugation (8,000Xg, 10 min) and
solubilized in 5 ml of scintillation counting fluid (80% toluene, 9% NCS
(Amersham), 4 M ammonium hydroxide, 9% concentrate [lOx] of
diphenyloxasole/1,4 bis[2-5[-phenyloxazolyl]benzene]). The CPM radioactivity
was determined using a liquid scintillation spectrophotometer.

g.

Coomassie blue staining - Following electrophoresis, gels were stained

with 0.05% Coomassie brilliant blue R and 10% acetic add. The gels were then
destained by several washes in 7% acetic acid.

h.

Fluorograpfty - Fluorography of gels was performed as described by

Laskey and Mills (104). Briefly, the gels were first washed twice with dimethyl
sulfoxide (DMSO) to remove any water within the gel or vessel. The gels were
embedded with a fluor o-diphenyloxasole and vacuum-dried for 2hr at +70°C
against cellophane membrane. The dried gels were exposed to Kodak XAR-5
films for various periods of time at -70°C.

i.

Quantification o f radiolabeled polypeptides - The relative labeling of
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individual polypeptides on 2D-fluorographs was determined by densitometry.
Individual spots corresponding to a radiolabeled polypeptide were scanned using
the Omni Media Scanner (XRS) and the Bio-Image computer software and were
expressed as Integrated Intensity (IQ. The II (the volume of spot calculated by
summing the volume [optical density] of each pixel within the boundaries of the
spot [area x height] and then subtracting the background for each pixel of each
spot) for each spot was quantified. The final reported value of each spot was the
percentage of the total II of all measured spots on a fluorograph (%H = [Spot’s
H/total Spots IT| x 100). To ensure that the measured n was a linear function of
the fluorographic exposure, different exposures of the same gel were scanned to
verify that the n was proportional to the exposure time.

j.

Local labeling the SC - To locally label the SC, the rat was anesthetized

with sodium pentobarbital, the skull was surgically exposed, and a hole was
drilled on the right side of the skull directly above the SC. The exact coordinates
of drilling location was determined using a rat brain atlas (100): A-P 7.8 mm
Bregma, M-L 3.0 mm lateral to midline, 2.8 mm in depth from surface. The
syringe penetrated at a slight angle toward the midline delivering 35S-methionine
directly into the SC. One hour after injection, the rat was sacrificed, the SC was
removed, and labeled SC proteins analyzed by 2D-SDS-PAGE/fluorography.

k.

Analysis o f FT proteins partitioned into integral membrane vs. peripheral

membrane/ soluble non-membrane fractions - All steps were performed at 4°C.
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The carbonate method (101) was used for separation.

Synaptosomes were

resuspended in 400 p\ of 100 mM sodium carbonate (pH 11.5) and 400 pi of
isotonic buffer and allowed to incubate at 0°C for 30 min. The sodium carbonate
opened the closed vesicles, converting them to open membrane sheets.
Consequently, peripheral and soluble proteins were released in soluble forms.
The solution was centrifuged at 233,OOOXg at 4°C for 1 hr. The supernatant,
containing the peripheral and soluble proteins, was subjected to acetone
precipitation (80% volume). The precipitated proteins were then prepared for
ID- or 2D-SDS-PAGE. The pellet, containing the integral proteins, was first
rinsed with distilled water and then prepared for ID- or 2D-SDS-PAGE.

1.

Analysis o f FT proteins partitioned into soluble non-membrane vs.

integral/peripheral membrane fractions - All steps were performed at 4°C. An
osmotic-lysis (based on hypotonic Tris buffer) (102) was used for separation.
Synaptosomes were resuspended in 400 pi of ImM Tris (pH 9.0) and allowed to
incubate at 0°C for 1 hr. This resulted in hypo-osmotic lysis releasing soluble
proteins from synaptosomes. At the end of incubation period, the sample was
centrifuged at 105,000Xg for 30 min. The supernatant containing the soluble
proteins was subjected to acetone precipitation.

These acetone precipitated

proteins were prepared for ID- or 2D-SDS-PAGE. The insoluble fraction,
containing the integral/peripheral proteins, was also prepared for ID- or
2D-SDS-PAGE.
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m.

Sample preparationfo r immunoprecipitation - All sample preparations for

immunoprecipitation were performed at 4°C.

Each tissue sample was

homogenized in a microcentrifuge tube in a solution containing 0.5 ml of lysis
buffer (5 mM MgCl2 and 0.1 % triton X-100), ATP hydrolysis inhibitor (apyrase
[10 units/ml]), and protease inhibitors (leupeptin [10 /tg/ml], pepstatin A [1
/tg/ml], and aprotinin [1 /tg/ml]). The sample was allowed to rock for 30 min.
An equal volume (0.5 ml) of 2X RIPA buffer (IX = 2% sodium deoxycholate,
1% triton X-100, and 0.1% SDS) was then added to each homogenate. The
solution was rocked for another 30 min.

The sample was centrifuged at

12,OOOXg for 5 min. The supernatant was collected for immunoprecipitation and
the pellet was discarded.

n.

Sample preparation fo r immunoprecipitation in the presence o f ATP - All

sample preparation for immunoprecipitation was performed at 4°C. Each tissue
sample was homogenized in a mirocentrifuge tube in a solution containing 0.5 ml
of lysis buffer (5 mM MgCl2 and 0.1 % triton X-100), ATP (Sigma) (1 mM final
concentration), and protease inhibitors (leupeptin [10 /tg/ml], pepstatin A [1
/tg/ml], and aprotinin [1 /tg/ml]). The sample was allowed to rock for 30 min.
An equal volume of (0.5 ml) of 2X RIPA buffer (IX = 2 % sodium deoxycholate,
1% triton X-100, and 0.1 % SDS) was added to each homogenate. The solution
was rocked for another 30 min. The sample was centrifuged at 12,000Xg for
5 min. The supernatant was collected for immunoprecipitation and the pellet was
discarded.
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o.

Immunoprecipitation (IP) - All steps for IP were carried out at 4°C. Fifty

pi of protein A-agarose beads were added to the sample (supernatant) to clear for
non-specific binding, and the solution was allowed to rock for 30 min. The
sample was centrifuged at 4,000Xg for 5 min, and the supernatant was collected,
and the pellet was discarded. Primary antibody was added to the supernatant and
the solution was rocked for another 30 min. In another microcentrifuge tube, 5
pi of secondary antibody was added to 50 pi Protein A-agarose and rocked for
60 min (this secondary antibody procedure was necessary only when the primary
antibody had low affinity for binding with the protein A-agarose). After 60 min,
1 ml of IX RIPA buffer was added to the sample and centrifuged at 3,000Xg for
5 min. The supernatant was discarded and the pellet was washed twice with IX
RIPA to remove any unspecific binding. The sample with the primary antibody
was added to protein A-agarose/secondary antibody pellet and rocked overnight.
On the following day, antibody/immune complex proteins were pelleted by
centrifugation at 12,OOOXg for 3 min, and the non-precipitable supernatant was
saved for analysis. The pellet was washed four times with RIPA buffer (1
ml/wash) followed by the addition of 75 pi Laemmli’s buffer to solubilize the IP
proteins.

The non-IP precipitable supernatant was subjected to acetone

precipitation (80% volume), and the proteins were solubilized by adding 75 pi
Laemmli’s buffer.

p.

Quantitation o f CO-IP proteins - The IP and non-precipitable samples
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were centrifuged at 12,000Xg for 30 min, and the supernatant was transferred
to a new mirocentrifiige tube ready for scintillation counting and 1D-SDS-PAGE.

q.

Electron microscopy - All steps were performed at 4°C. Synaptosomal

pellets were fixed for 2 hr with primary fixative (4% para-formaldehyde/0.5 %
glutaraldehyde in 100 mM cacodylate buffer solution (pH 7.4] and 0.5% NaCl).
Pellet was: (1) washed in 100 mM cacodylate buffer and 0.5 % NaCl followed by
three times (30 min each) wash in the cacodylate buffer solution alone; (2) fixed
with 2% osmium tetroxide for 1 hr; (3) washed with propylene oxide; (4)
embedded with epoxy (epoxy 812); and (5) sectioned (45-65 nm) with microtome
(Reichert Ultracut E ultramicrotome). Sections were placed in 100 mesh copper
grids and stained with uranyl acetate and lead citrate before viewing and
photographing with a Phillips 301 transmission electron microscope.

r.

Determination o f molecular weight o f individual proteins - Molecular

weights of individual proteins from two-dimensional fluorographic patterns were
determined by the following process: During gel electrophoresis of the second
dimension, solutions of rainbow molecular weight marker standards (Amersham)
were run adjacent to the samples. Then, by using Bio-Image computer software
system, computation of molecular weights were performed to interpolate relative
positions of individual proteins to the markers.

s.

Statistical analyses - Statistical analyses of the optical integrated intensity
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of each FT protein were preformed for the data presented in Table 1.
Each data set was analyzed by a 2 (compartment: OT vs. SC) by 3 (time:
4, 24, and 48 hours) analysis of variance (ANOVA). hi this analysis,
compartment was within-subjects factor and time was a between-subjects
factor.

All of the data sets were unbalanced in that animals did not

always have the same number of measurements in OT and SCE for each
tiem period. Post-hoc analyses were done using Bonferroni corrected ttest for simple main effects and interaction effects. Statistical differences
of p < 0.05 were considered significant.
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CHAPTER H I
RESULTS

A.

ROUTING OF FT PROTEINS IN THE OPTIC PATHWAY

Acid-precipitable liquid scintillation counting of the radiolabeled proteins, fast
axonally transported in the rat optic pathway, revealed distinct transport trafficking.
Figure 5A illustrates the in vivo model system that was used to study FT proteins. Four
hours following intraocular injection of the left eye with 1 mCi 35S-methionine, tissues
containing the axons (ON and OT) and pre-synaptic terminals (LGN and SC) of the
RGCs were removed. The activity of radiolabeled proteins in each tissue was measured
by acid-precipitable scintillation counting (Figure SB). The transported results confirmed
the known anatomical projections of the rat optic pathway axons and pre-synaptic
terminals (120, 121, 124). The distribution of RGC radiolabeled proteins in the optic
pathway indicated that the majority of the fast axonally transported proteins were routed
from ipsilateral ON to contralateral OT with terminal projections in the contralateral
target nuclei, SC and thalamic LGN. A significantly greater amount of radiolabeled FT
proteins were found in the contralateral SC relative to the contralateral LGN. Also, LGN
is known to contain en passant optic pathway axons. Therefore, most further analyses
of FT proteins in the terminal compartment were limited to the SC.
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R e tin a

FIGURE 5. Experimental paradigm to examine axonally transported FT proteins. (A)
the rat optic pathway - in vivo injection of “S-methionine into the vitreous chamber of
the left eye. (B) Acid-precipitable (CPM), four hours post-injection, in the different
compartments of the optic pathway. Abbreviations: CPM, count per minute; ON, optic
nerve; OT, optic tract; LGN, lateral geniculate nucleus; SC, superior colliculus. Arrow
in B indicates CPM significantly higer that 200,000.
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B.

A SELECTIVE SUBSET OF RGC PROTEINS ARE FAST TRANSPORTED
IN THE AXON

Radioisotopic pulse labeling, combined with 2D-SDS-PAGE analyses, revealed
a distinct subset of RGC proteins rapidly transported in the axon.

In the adult

Sprague-Dawley rat, radiolabeled FT RGC proteins reached the pre-synaptic terminals
(SC and LGN) within 4hr following intraocular injection of radioisotope.

The

2D-SDS-PAGE fluorographic patterns in Figure 6B and 6C represent the
3SS-methionine-Iabeled proteins of the OT and retina, respectively, 4hr post intra-ocular
injection (PIL). As shown in Figure 6, the FT proteins (6B) did not represent the most
abundantly synthesized proteins by the retina (6C).

Among the most abundant

radiolabeled proteins seen in the retina, and not in the optic pathway, were cytoskeletal
subunits - actin and the tubulins. These subunits are known to be conveyed by slow
axonal transport at less than 5 mm/day and therefore, would not have entered the ON
from the retina for at least another 4 or 5 hr (20, 21, 22, 23). If these subunits were
radiolabeled in 2D fluorographs taken from optic pathway tissues (OT, ON, SC, LGN)
after four hours PIL, then diffusion and anomalous local utilization of label would have
been suspected.

The 2D fluorographic patterns in the present study consistently

demonstrated the absence of anomalous local labeling by this criterion.
In order to assess whether radiolabeled SC proteins in the intraocular pulse
paradigm represented transported RGC proteins or locally-synthesized SC proteins, SC
fluorographs were compared following a 4 hr PEL with SC fluorographs following direct
SC microinjection. Figure 7A diagrammatically illustrates the method used to obtain the
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2D pattern shown in Figure 7C. SC fluorographs following PIL (Figure 7B) were
distinctly different from SC fluorographs following direct SC microinjection (Figure 7C).
The most abundantly synthesized proteins in the SC appeared to resemble that of the
retina shown in Figure 6C.
The fast transported 25 kDa synaptosomal associated protein (SNAP 25) was
abundantly labeled (Figures 6B and 7B) in both compartments (OT, SC) at 4 hr PIL.
Indeed, this protein has been described in many studies as the major methionine-labeled
protein among the FT proteins (62, 93, 110). Although, its prominence was apparent
in the axon and terminal regions following a 4 hr intraocular pulse, it was not the most
abundantly synthesized protein in the retina (Figure 6C). Further characterization of this
protein is described later.

C.

KINETICS OF RETINAL PROTEIN SYNTHESIS AND FAST AXONAL
TRANSPORT IN THE OPTIC PATHWAY

Other studies have shown that following intraocular injection, 35S-methionine does
not remain available for incorporation into RGC proteins after -0 -4 hr PIL (122).
These results were supported in the present study by comparing FT fluorographic
patterns obtained at 24 hr PIL by following a 4 hr intraocular label with a 4 hr
intraocular label subsequently chased with excess (> lOOx) unlabeled methionine. In
both conditions, identical 2D-FT pathway were obtained (data not shown).

The

unlabeled methionine chase appeared to have no influence in reducing the amount of
labeled FT proteins suggesting that very little or no incorporation of the radioisotope
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FIGURE 6. Comparison between retina synthesized and fast axonally transported
proteins. (A) the rat optic pathway - in vivo injection of MS-methionine into the vitreous
chamber of the left eye. (B) 20 fluorograph of radiolabeled FT proteins in the right
optic tract. (C) 2D fluorograph of radiolabeled proteins synthesized in the retina.
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FIGURE 7. Comparison between locally synthesized SC proteins and FT proteins. (A)
the rat optic pathway - in vivo injection of “S-methionine into the right SC. (B) 2D
fluorograph of radiolabeled FT proteins in the right SC (obtained from RGC labeling
experiment). (C) 2D fluorograph resulting from direct labeling of the SC - activity of
locally synthesized proteins.
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occurred after 4 hr. Despite this observation, labeled FT proteins were seen in the nerve
and SC in great abundance even after 48 hr PIL. Figure 8 displays the acid-precipitable
CPM of FT proteins at 4, 24, and 48 hr PIL. At 4 hr PIL, most of the radiolabeled FT
proteins appeared to be in the ON; while relatively less radiolabeled FT proteins had
reached the SC. FT proteins were most abundant at 24 hr both in the OT and SC, as
previously reported by Gamer and Mahler (61). The acid-precipitable ON CPM, at both
24 and 48 hr PIL, was mostly influenced by the slow transported proteins (SCb) entering
ON. Therefore, statistical analyses excluded the 24 and 48 hr ON data.

D.

QUALITATIVE AND QUANTITATIVE ANALYSES OF INDIVIDUAL FT
PROTEINS

Among >90 resolved FT proteins, twenty were selected for extensive analyses.
These FT proteins were chosen for further study based on their abundance and consistent
gel migration behavior. Figure 9 displays samples of two-dimensional fluorographic
patterns of these proteins in the OT at 4 (A), 24 (B), and 48 (C) hr PIL. A map of the
abundant proteins is shown in Figure 9D. Approximate protein molecular weights were
determined by interpolation of molecular weight marker standards that were used during
gel electrophoresis of the second dimension.
Visual analyses of the fluorographs revealed several consistent patterns in FT
protein behavior. The vast majority of the radiolabeled FT proteins were visually
detectable in all the compartments at each time point analyzed. Some of the acidic high
molecular weight proteins (e.g., 89 and 131) appeared to turn over rapidly. Their
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abundance was apparent at 4 hr PEL in all compartments (ON, OT, SC), but at 24 hr
PIL, some of these proteins appeared to have moved to the terminal (SC) and
disappeared from the nerve region. At 48 hr PIL, most of these proteins were virtually
undetectable in any of the compartments. In contrast, some FT proteins (e.g., 61 and
69) displayed a delayed FT appearance in the compartments. Most of these FT proteins
became resolvable in the compartments only at the 24 hr time point and their relative
activity appeared to increase at 48 hr in each compartment. Still other FT proteins (e.g.,
17, 18.5, and 19) seemed to disappear from the OT at 24 hr but persisted in the SC even
at 48 hr. Finally, one FT protein (i.e., 22) showed a unique feature unlike the other
nineteen labeled FT proteins. This protein was expressed solely in nerve compartments
(ON, OT) and was not detected in SC at any PIL time point.
Further characterization of each newly synthesized FT protein was performed by
densitometric quantification of 2D fluorographs at various x-ray film exposures. Spots
in the 2D fluorographs were evaluated by their optical integrated intensity (II). Since
x-ray film exposure time varies linearly with the amount of radioactivity in a spot only
up to a certain density, a control study was performed to ensure that the measured n of
each spot was a linear function of fluorographic exposure. As shown in Figure 10, three
film exposures (10, 15, and 50 days) of the same gel were scanned by densitometer.
Five spots from each exposure time were randomly selected to verify that their measured
optical n was proportional to their exposure time. The figure shows table of regression
statistics and plots of the regression lines with 95% confidence interval for the mean of
the optical n. Since the amount of radioactivity in the control gel was typical of the
experiments in the present study, it was concluded that linearity of fluorographic
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exposures was within acceptable parameters.
Following verification of fluorographic linearity, fluorographic spots were scanned
and quantitative analyses were subsequently performed. Table 1 shows raw data of the
20 proteins analyzed and their respective measured values at the three time points (4,24,
and 48 hr PIL) in the different compartments of the system.

The table is a summary

of what is presented in the following 20 figures. Figures 11 to 30 present a graphic and
fluorographic delineation of the spatial and temporal disposition, as well as the
corresponding level of relative activity, of individual newly synthesized FT proteins.

E.

CLASSIFICATION OF QUANTIFIED FT PROTEINS

The spatial and temporal kinetics of the analyzed FT proteins showed variations
between the 20 proteins.

However, six minimum classes were defined by which

transport behavior of the 20 proteins could be completely described.

CLASS 1
The first class of FT proteins demonstrated relatively little or no preferential
localization behavior in any of the compartments at the three time points analyzed. The
relative amount of radiolabeling of protein 28 (Figure 11) did not change significantly
over time, within and between compartments. Proteins 25 (Figure 12), 57 (Figure 13),
59b (Figure 14), 64 (Figure 15), 69 (Figure 16), 194 (Figure 17) and 206 (Figure 18)
showed some statistically significant compartmental differences in their relative labeling
activity at some of the time points analyzed.
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Class 2
The second class of FT proteins displayed transient activity or showed gradual
decreased activity with greater PIL in all compartments. The relative activity of proteins
59a (Figure 19), 89 (Figure 20), and 131 (Figure 21) was apparent at 4 hr PIL. At 24
hr PEL, however, their relative activity either decreased significantly (proteins 59a and
89) or was not detected at all (protein 131). At 48 hr PEL none of these proteins were
detected in any of the compartments.

Class 3
The third class of FT proteins displayed significant increases in their relative
activity of radiolabeling at 24 hr PIL. The OT activity of protein 149 was significantly
greater at 24 hr PIL than the respective OT activity at 4 hr or 48 hr PIL (Figure 22).
This protein did not show compartmental preference at any other time points.

Class 4
The fourth class of FT proteins displayed a gradual appearance, with increased
activity, as transport time lengthened. At 4 hr PIL, protein 56 (Figure 23) displayed
nearly basal level activity in all compartments. However, at 24 and 48 hr, its activity
significantly increased. Similar characteristic were seen in proteins 61 and 67 (Figure
24 and 25 respectively) where activities were undetectable at 4 hr PIL but increased at
24 and 48 hr PIL in both compartments.
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Class 5
The fifth class of FT proteins appeared to be preferentially localized at the presynaptic terminal of the SC at 24 and 48 hr PIL. At 4 hr PIL these proteins were
significantly more abundant in nerve regions than terminal regions. At 24 and 48 hr
PIL, however, they were not detected in nerve regions. Instead, they appeared to have
moved to the SC where three of these proteins, 18.5 (Figure 26), 19 (Figure 27) and
19.5 (Figure 28) displayed significantly increased labeling at 24 hr PIL while protein 17
(Figure 29) showed significantly increased SC activity only at 48 hr PIL.

Class 6
The sixth class of protein (n=l) was never detected in the SC over the three time
points. Protein 22 (Figure 30), not only seemed to be localized in the OT, but its
relative activity in this compartment increased with greater PIL.
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FIGURE 8. Acid-precipitable CPM of FT RGC proteins in tissues containing the major
axons and terminals of the optic pathway 4, 24, and 48 hr following “S-methionine
injection into the vitreous chamber of the left eye. Counts were taken from the ipsilateral
ON, contralateral OT and SC. Each bar represents mean ± SEM from at least three
experiments.
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FIGURE 9. 2D-SDS-PAGE fluorographic patterns of radiolabeled FT proteins in the
OT at 4 (A), 24 (B), and 48 (C) hr PIL. Spots that were investigated are identified by
their molecular weights (M.W. xlO'3). (D) Diagrammatic representation of 2D pattern
of the individually characterized FT proteins. Abbreviations: mw, molecular weight; pi,
isoelectric point.
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FIGURE 10. Control study to verify linearity of fluorographic exposure.

Five

individual spots were randomly selected for quantification at three different exposures
(10, 15, and 50 days) of the same gel. (A) Table of the linear regression values of the
five spots of optical integrated intensity.

(B), (Q , (D), (E), and (F) Plots of the

regression lines and a 95% confidence interval (curved lines) for the mean of the
predicted value of integrated intensity. SEE is the standard error of estimated, the error
variance of the regression.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

52

TABLE 1.
Raw data obtained from densitometric analyses of 2D fluorographs.
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Fluorographs from tissue samples of ON, OT, and SC at 4 hr, and tissue samples of OT
and SC at 24 and 48 hr were analyzed. Proteins were numbered according to their
molecular weights (M.W. xlO'3). Quantitative measurement of each spot (representing
a protein) is based on the percent optical integrated intensity (%II) of all spots found on
the fluorograph. Standard error of mean (SEM) and number of replicates analyzed (n)
are also presented.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

53

r
4HR

48HR
24HR
Transport Turn

FIGURE 11. Non-preferential of compartmental and temporal localization of the FT
protein 28. (A) Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24,
and 48 hr PIL. No significant differences between compartments or time (p > 0.22 for
all). Fluorographic representation of the protein in OT (B) and SC (C) at 4hr, OT (D)
and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 12. Compartmental and temporal localization of the FT protein 25. (A) Mean
± SEM display of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr
PIL. Relative activity in SC at 48 hr was significantly less than that at 4 and 24 hr in
SC, and 4, 24, 48 hr in OT(p < 0.05 for all comparisons). No other significant
differences between compartments or time (p > 0.16 for all).

Fluorographic

representation of the protein in OT (B) and SC (C) at 4hr, OT (D) and SC (E) at 24 hr,
and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 13. Compartmental and temporal localization of the FT protein 57. (A)
Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Relative activity in OT at 4 hr was significantly greater than that at 24 and 48 hr in OT
and SC (p < 0.5). No other significant differences between compartments or time (p
> 0 .6 for all). Fluorographic representation of the protein in OT (B) and SC (C) at 4hr,
OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 14. Compartmental and temporal localization of the FT protein 59b. (A)
Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Relative activity in SC at 48 hr was significantly greater that at 24 hr and 48 hr in OT
(p < 0.05). No significant differences between compartments or time at any other time
(p > 0.06 for all). Fluorographic representation of the protein in OT (B) and SC (C)
at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 15. Compartmental localization of the FT protein 64. (A) Mean ± SEM of
the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL. Relative activity
in SC was significantly greater than that in OT at 24 and 48 hr (p < 0.05 for both).
Fluorographic representation of the protein in OT (B) and SC (C) at 4hr, OT (D) and SC
(E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 16. Temporal preferential localization of the FT protein 69. (A) Mean ±
SEM of the protein in compartment, ON, OT, and SC at 4, 24, and 48 hr PIL. Relative
activity in OT at 24 hr was significantly greater than that at 4 hr (p < .05), but not at
24 or 48 hr; and in SC activity at 4, 24 and 48 hr did not differ significantly (p > 0.05
for both comparisons). Fluorographic representation of the protein in OT (B) and SC (C)
at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 17. Compartmental and temporal localization of the FT protein 194. (A)
Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Relative activity in OT at 24 hr was significantly less than that at 4 hr in OT and at 48
hr in SC (p < 0.05). No other significant differences between compartments or time (p
> 0.19 for all). Fluorographic representation of the protein in OT (B) and SC (C) at
4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 18. Compartmental and temporal localization of the FT protein 206. (A)
Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Relative activity in OT at 24 hr was significantly less than that at 4 or 48 hr in all
compartments (p < 0.05). Relative activity in SC at 48 hr was significantly less than
that at 24 hr in SC and at 4 in OT (p < 0.05). Fluorographic representation of the
protein in OT (B) and SC (C) at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC
(G) at 48 hr PIL.
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FIGURE 19. Temporal localization of the FT protein 59a. (A) Mean ± SEM of the
protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL. Significantly greater
activity was observed at 4 hr than at 24 and 48 hr (p < 0.03 for both comparisons).
Fluorographic representation of the protein in OT (B) and SC (C) at 4hr, OT (D) and SC
(E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 20. Temporal localization of the FT protein 89. (A) Mean ± SEM of the
protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL. Significantly greater
activity at 4 hr than at 24 and 48 hr (p < 0.05 for both comparisons). Fluorographic
representation of the protein in OT (B) and SC (C) at 4hr, OT (D) and SC (E) at 24 hr,
and OT (F) and SC (G) at 48 hr PIL.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

63

48H R
24H R
TransportTim#

FIGURE 21. Temporal localization of the FT protein 131. (A) Mean ± SEM of the
protei in compartments ON, OT, and SC at 4, 24, and 48 hr PIL. Significantly greater
activity at 4 hr than at 24 and 48 hr (p < 0.001 for both comparisons). Fluorographic
representation of the protein in OT (B) and SC (C) at 4hr, OT (D) and SC (E) at 24 hr,
and OT (F) and SC (G) at 48 hr PIL.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

64

48H R
24H R

FIGURE 22. Compartmental and temporal localization of FT protein 149. (A) Mean
± SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Activity in OT was significantly greater than in SC at 24 hr (p < 0.001), but activities
in OT and SC did not differ significantly at 4 or 48 hr. In OT, the amount at 24 hr was
significantly greater than at 4 and at 48 hr (p < 0.001 for both comparisons)
Fluorographic representation of the protein in OT (B) and SC (C) at 4hr, OT (D) and SC
(E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 23. Increased activity of the FT protein 56 with longer PIL. (A) Mean ±
SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Activities in OT and SC at 48 hr was significantly greater than at 4 and 24 hr (p < 0.05
for both comparisons). Fluorographic representation of the protein in OT (B) and SC (C)
at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 24. Increased activity of the FT protein 61 with longer PIL. (A) Mean ±
SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Activities in OT at 24 and 48 hr was significantly greater than at 4 hr (p < 0.01 for both
comparisons). Activities in SC at 24 and 48 hr was significantly greater than at 4 hr (p
< 0.05 for both comparisons). Fluorographic representation of the protein in OT (B)
and SC (C) at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 25. Increased activity of the FT protein 67 with longer PIL. (A) Mean ±
SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Activities in OT at 24 and 48 hr was significantly greater than at 4 hr (p < 0.05 for both
comparisons). Activities in SC at 24 and 48 hr was significantly greater than at 4 hr (p
< 0.05 for both comparisons). Fluorographic representation of the protein in OT (B)
and SC (C) at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 26. Preferential localization of the FT protein 18.5 in the SC at 24 and 48 hr
PIL. (A) Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and
48 hr PIL. Activities in SC at 24 and 48 hr was significantly greater than at 4 hr (p <
0.05 for both comparisons). Fluorographic representation of the protein in OT (B) and
SC (C) at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 27. Preferential localization of the FT protein 19 in the SC at 24 and 48 hr
PIL. (A) Graphic display of the protein in compartments ON, OT, and SC at 4, 24, and
48 hr PIL. Activities in SC at 24 was significantly greater than at 4 or 48 hr (p < 0.05
for both comparisons). Fluorographic representation of the protein in OT (B) and SC (C)
at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 28. Compartmental and temporal localization of the FT protein 19.5. (A)
Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Activity in SC was significantly greater than in OT at 24 hr (p < 0.05), but not at 48
hr. The amount in OT at 4 hr was significandy greater than at 24 and 48 hr (p < 0.05
for both comparisons). Fluorographic representation of the protein in OT (B) and SC (C)
at 4hr, OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 29. Preferential localization of the FT protein 17 in the SC at 24 and 48 hr
PIL. (A) Mean ± SEM of the protein in compartments ON, OT, and SC at 4, 24, and
48 hr PIL. Activities in SC at 48 hr was significantly greater than at 4 or 24 hr (p <
0.01 for both comparisons). Activities in OT at 4 hr was significantly greater than in SC
(p < 0.01). Fluorographic representation of the protein in OT (B) and SC (C) at 4hr,
OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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FIGURE 30. Preferential localization of the FT protein 22 in the OT. (A) Mean ±
SEM of the protein in compartments ON, OT, and SC at 4, 24, and 48 hr PIL.
Activities in OT at 48 hr was significantly greater than at 4 or 24 hr (p < 0.01 for both
comparisons). Fluorographic representation of the protein in OT (B) and SC (C) at 4hr,
OT (D) and SC (E) at 24 hr, and OT (F) and SC (G) at 48 hr PIL.
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F.

FT PROTEIN ASSOCIATION WITH THE TRANSLOCATED VESICULAR
ORGANELLES

The purpose of the next set of experiments was to evaluate the vesicular
distribution of FT proteins, particularly, the FT protein organization in the translocated
membrane vesicles. In order to examine this organization, synaptosomes were prepared
from SC at 4 hr PIL. Confirmation of synaptosomal integrity was made by electron
microscopy. Electron micrographs revealed intact pinched-off terminal membranous
bodies (synaptosomes) containing visible ultrastnictural components (Figure 31).
Structures identified in the EM included:

small clear vesicles, mitochondria,

multivesicular bodies, membranous cistemae, synapses, and relatively dense cytoplasmic
matrix, as previously reported by Wittaker et al. (118). The majority of vesicles in the
synaptosomes appeared as small clear organelles with diameters in the range of 30 - 50
nm in agreement with the size described by Hodge and Adelman (123).
In the present study, some of the SC synaptosomes contained radiolabeled FT
proteins of the RGC presynaptic terminals.

Each of two fractionation procedures

(described in Material and Methods) was used to delineate the type of association
(soluble, integral membrane, peripheral membrane) that FT proteins made with the
transport vesicles.

Figure 32 displays the acid-precipitable CPMs contained in

radiolabeled FT proteins following fractionation: (1) the NasC03method (which separates
integral membrane proteins from soluble/peripheral membrane proteins) and (2) osmotic
lysis method (which separates soluble proteins from integral/peripheral membrane
proteins). The results demonstrated that the vast majority of resolved FT proteins were
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conveyed as integral membrane proteins, while only a few resolved FT proteins were
transported as soluble or peripheral membrane proteins.
Analyses of individual radiolabeled FT proteins by 2D-SDS-PAGE fluorography
confirmed the acid-precipitable CPM results.

Figure 33 shows two-dimensional

fluorographic patterns of FT proteins fractionated with the membranes by Na2C03
extraction (Figure 33A) and peripheral plus integral membranes by hypotonic osmotic
lysis (Figure 33B). For both fractionation procedures the 2D fluorographs of the
radiolabeled FT proteins were similar. However, more detailed analysis revealed two
proteins ( 57 and 59a) that were not detectable in the integral membrane fraction (Figure
33C) but were detected in the peripheral plus integral membrane fraction (Figure 33D).
This result suggests that FT proteins 57 and 59a could be peripheral membrane proteins
and/or vesicle-soluble proteins.
The hypotonic osmotic lysis fractionation results provided direct experimental
support that the FT proteins 57 and 59a are, at least partially, vesicle-soluble species.
Figure 34 shows two-dimensional fluorographic patterns of the FT proteins fractionating
with the peripheral/integral membranes (Figure 34A) and the FT proteins fractionating
as vesicle-soluble species (Figure 34B). This results showed that FT proteins 57 and 59a
co-purified with the vesicle soluble fraction.
The radiolabeled FT proteins in the soluble/peripheral membrane of the Na2C03
fraction were undetectable in either 2D or ID fluorographs (Figure 35). One reason for
the absence of vesicle-soluble FT proteins 57 and 59a in the soluble fraction using
Na2C 03 extraction could be the harsher conditions (e.g., pH 11.5) employed, relative to
the osmotic lysis fractionation.
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FIGURE 31. Electron micrograph of rat SC synaptosomal fractions revealed intact
synaptosomes (large open arrows) and synapses (arrowhead). Internal structures (e.g.,
small clear vesicle (small open arrows), mitochondrion (large arrow), multivesicular body
(arrow head), and dense cytoplasmic matrix) have remained intact and localized within
the synaptosomes. X68,000
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FIGURE 32. Acid-precipitable CPMs of peripheral and soluble FT proteins from SC
synaptosomes. (A) Results of Na2C03 and osmotic lysis methods. (B) Mean ± SEM
of result A. Abbreviations: CPM, count per minute; SEM, standard error of mean; n,
number of replicates
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FIGURE 33. Composition of FT proteins in fractionated SC synaptosomes . (A) 2D
fluorograph of Na2C03 fraction containing FT integral membrane proteins. (B) 2D
fluorograph of osmotic lysis fraction containing integral and peripheral proteins. (C) and
(D) are magnified version of (A) and (B) respectively.
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FIGURE 34. Composition of FT proteins in fractionated SC synaptosomes. (A) 2D
fluorograph of osmotic lysis fraction containing integral membrane and peripheral
membrane proteins.

(B) 2D Fluorograph of osmotic lysis fraction containing

aqueous-soluble proteins.
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FIGURE 35.

Composition of FT proteins in fractionated SC synaptosomes.

ID

fluorograph of integral (A) and soluble + peripheral (B) synaptosomal FT proteins
obtained from fractions of Na2C03 method.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

80

G.

ANTIBODIES TO THE MAJOR FT PROTEIN (SNAP-25) CAN
CO-IMMUNOPRECIPITATE SUBSETS OF BOTH FAST AND SLOW
TRANSPORTED PROTEINS

In order to assess whether the most heavily labeled FT protein (i.e., SNAP-25)
might have intermolecular relationships with other proteins in axons and/or pie-synaptic
terminals, radiolabeled proteins (torn tissues containing nerve segments (ON and OT) and
pre-synaptic terminals (SC) were immunoprecipitated with SNAP 25 antibodies at 4 hr
and 12 d PIL. Immunoprecipitation (IP) studies at 4 hr PIL allowed assessment of a
SNAP-25 relationship with other FT proteins while IP studies at 12 d PIL allowed
evaluation of a SNAP-25 relationship with slow transported (SCb) proteins. Results
showed that significant amounts (i.e., acid-precipitable CPM) of FT and SCb proteins
were co-immunoprecipitated (CO-IP) with SNAP-25 antibodies. Table 2 shows that as
much as 3 % of the total radiolabeled SCb proteins and up to 6% of the total radiolabeled
FT proteins were CO-IP. One-dimensional SDS-PAGE fluorographs of SNAP-25 CO-IP
radiolabeled FT and SCb proteins are shown in Figures 36 and 37, respectively. Such
results revealed several radiolabeled FT and SCb proteins were CO-IP with SNAP-25 in
both nerve and SC compartments.
Comparisons between compartments (nerve vs. terminal) of CO-IP proteins with
SNAP-25 revealed quantitative but not qualitative differences.

Examination of the

radiolabeled FT CO-IP proteins (Figure 36) showed proteins with relatively low
molecular weight

(Mr < 30 kDa).

Among these proteins, the putative CO-IP

radiolabeled SNAP-25 was seen at NL ~ 25 kDa in both compartments. While other
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CO-IP proteins of Mr —18 kDa and —8 kDa were detected in both compartments,
protein(s) of Mr 16 kDa was observed only in nerve segments.
The radiolabeled SCb CO-IP proteins (Figure 37), on the other hand, showed
predominantly higher molecular weights than that of FT radiolabeled CO-IP proteins.
Their molecular weights ranged from —18 kDa to —55 kDa. Here also, differential
quantitative expression of CO-IP proteins was observed. CO-IP proteins with

- 25

kDa, -4 4 kDa, and —55 kDa were seen in both compartments; whereas, proteins with
M,s of -3 3 kDa and —53 kDa were observed in only nerve segments and protein(s) of
Mr of —18 kDa was detected only in the SC.
Previous studies have only reported a SNAP-25 association with a small set of
pre-synapdc terminal proteins (79, 80, 87). The above results, however, might suggest
possible relationship of SNAP-25 with other FT and SCb proteins in both axons and
pre-synaptic terminals.
Additional studies were performed to investigate if the relationships between
SNAP-25 and a subset of FT and SCb proteins were ATP-dependent. To address this
question, IP were performed in the presence of exogenous ATP, without apyrase (an
inhibitor of ATP). Figures 38 and 39 show the one-dimensional fluorographic results of
FT and SCb CO-IP by SNAP-25 antibodies, respectively. Results showed that the CO-IP
patterns of FT and SCb proteins were similar whether ATP was inhibited (Figures 38-1
and 39-1) or ATP was available ( Figures 38-3 and 39-3). These results provide
evidence that the relationships of SNAP-25 with FT and SCb proteins may not be
dependent on ATP.
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TABLE 2.
Mean acid-precipitable CPM of slow transported (SCb) and FT proteins
CO-IP with SNAP-25 antibodies.
Fast Transported Proteins
CPM x 1000

Slow Transported (SCb) Proteins
CPM x 1000
Total iS E M

Cl

tS E M

%a

tS E M

n

Total ±SEM

C l 2 SEM

S C I tS E M

n

2276

37.8

19.8

0.47

0.7

0.13

5

205

66^

9.0

23

5.1

13

5

SC

175

134

2.96

137

3.0

1.6

3

178

25.9

102

33

6.1

3.0

3

Control

149

19.1

0-57 0.57

03

0.2

2

143

24.7

0.64 028

0.4

0.01

2

Nerve

Nerve represents both ON + OT segments. The percentage of proteins that were CO-IP
with SNAP-25 (%CI) was obtained by dividing CPM of CO-IP proteins by the Total
CPM of radiolabeled proteins. CPM, counts per minute; SEM, standard error of mean;
n, number of replicates; Cl, co-immunoprecipitates.
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FIGURE 36. ID fluorographic profiles of radiolabeled FT proteins CO-IP from nerve
(A), and SC (B) with SNAP-25 antibodies; nerve proteins (C) IP with control anti-mouse
IgG antisera. Lanes 1, 3, and 5 CO-IP proteins; lanes 2, 4, and 6 supernatant of IP.
Small solid arrowheads indicate the position of CO-IP proteins (Large open arrowhead,
indicates the position of SNAP-25 [Mr = 25 kDa]). Solid arrowheads show the positions
and Mr (kDa) of molecular weight standards.
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FIGURE 37. ID fluorographic profiles of radiolabeled slow tranported (SCb) proteins
CO-IP from nerve (A) and SC (B) with SNAP-25 antibodies; nerve proteins (C) IP with
control anti-mouse IgG antisera. Lanes 1,3, and 5 CO-IP proteins; lanes 2, 4, and 6
supernatant of IP. Small solid arrowheads indicate the position of CO-IP proteins (Large
open arrowhead, indicates the position of SNAP-25 [Mr = 25 kDa]). Solid arrowheads
show the positions and Mr (kDa) of molecular weight standards.
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FIGURE 38. 1D-PAGE fluorographic IP profiles of radiolabeled FT nerve (ON + OT)
proteins IP with SNAP-25 antibodies in the absence (A) and presence (B) of ATP; nerve
proteins IP in the presence of ATP (C) with control anti-mouse IgG antisera. Lanes I,
3, and 5, CO-IP proteins; lanes 2, 4, and 6, supernatant of IP. Small solid arrowheads
indicate the position of CO-IP proteins (large open arrowhead, indicates the position of
SNAP-25 [Mr = 25 kDa]). Solid arrowheads show the positions and Mr (kDa) of
molecular weight standards.
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FIGURE 39. 1D-PAGE fluorographic profiles of radiolabeled SCb nerve (ON + OT)
proteins of IP with SNAP-25 antibodies in the absence (A) and presence (B) of ATP;
nerve proteins IP in the presence of ATP (C) with control anti-mouse IgG antisera.
Lanes 1, 3, and 5, CO-IP proteins; lanes 2, 4, and 6, supernatant of IP.
arrowheads indicate the position of CO-IP proteins.

Small

Larger arrowheads show the

positions and Mr (kDa) of molecular weight standards.
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CHAPTER IV
CONCLUSIONS AND DISCUSSION

In order to gain further insights into the trafficking of the mammalian anterograde
fast axonally transported proteins, the most abundant methionine-containing FT proteins
of the adult Sprague-Dawley rat optic pathway were identified and characterized. The
results presented in this study lead to several conclusions which are discussed below.

A.

CONTRALATERAL PROJECTIONS OF THE RAT OPTIC PATHWAY

The majority of rat optic pathway axons have contralateral projections.
Observation of the acid-precipitable distribution of radiolabeled FT rat optic pathway
proteins 4 hr PIL indicated that the majority of FT proteins were axonally routed from
the ipsilateral ON to the contralateral OT, SC, and LGN. These results suggested that
the majority of RGC axons cross-over from the ipsilateral ON to the contralateral OT and
project to contralateral subcortical nuclei of SC and LGN, as previously reported by
Paxinos (120), Jeffery etal. (121), and Dteher eta l. (124). Based on previous work,
90% of the 120,000 axons comprising the rat optic nerve are projected contralaterally
past the optic chiasm (129, 130, 131, 132, 133). Further obeservation have also shown
that the majority of axons are projected to the SC while relatively fewer axons branch
to supply the LGN as previously described by Linden and Perry (128) and Sefton (131).
Earlier, it was described how the compartmentalized structure of the RGCs can be an
ideal model system for studying protein transport (see Introduction, Part B). The 90%
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contralateral projection RGC axons, described here, provided an added advantage by
directing the bulk of radiolabeled RGC proteins to fewer compartments, thus, increasing
the amount of radiolabel activities found in each compartment. This high protein activity
bad allowed the resolution and analysis of individual FT proteins.

B.

HETEROGENEITY OF THE FAST AXONAL TRANSPORT PROTEIN
POPULATION

Results from 2D-SDS-PAGE fluorographs and acid-precipitable CPMs showed
a heterogenous population of proteins being conveyed by fast axonal transport. Twenty
of the >90 resolved newly synthesized radiolabeled FT proteins in the 2D fluorographs
were subjected to qualitative and quantitative analyses.

They were subsequently

categorized into six distinct classes according to their localization in the different
compartments (OT and SC) as well as their kinematic variations within and between
compartments over time. 2D fluorographs revealed their distinct transport behavior,
class 1 proteins exhibited little or no preference to any of the compartments at the three
time points analyzed.

They mostly appeared to be evenly distributed between

compartments and did not change significantly over the three time points analyzed. Their
locations in 2D fluorographs did not show any unusual distribution patterns. Class 2
were transient proteins with molecular weights > 55 kDA and showed a decline in their
activity, or complete disappearance over time, but did not exhibit preferential localization
in any of the compartments. In contrast, the activity of class 3 proteins increased at 24
hr PIL in the optic tract. Delayed appearance was observed in the class 4 proteins in
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which at 4 hr PIL they were either in small amounts or virtually undetectable; but, they
were clearly apparent at 24 and 48 hr PIL in all compartments. The last two classes of
proteins showed preferential localization to one of the compartments. Class 5 proteins
were localized preferentially in the SC, while class 6 protein was only observed in axonal
regions. Most class 5 proteins were low molecular weight (Mr < 20 kDa) acidic
proteins. Figure 40 summarizes the position of each of the 20 proteins as they appeared
in 2D fluorographs. Table 3 summerizes the characteristics and special features of the
six classes of proteins.
Previous studies have reported that a significant proportion of FT proteins may
be deposited along the axon (67, 68, 125, 140).

In addition to proteins, lipids (58,

141), biogenic amines (e.g., serotonin [142], norepinephrine [143]), and peptides (e.g.,
substance P [126]), may also be deposited within the axon. In the present study,
however, only one (protein 22) of the 20 analyzed proteins appeared to be deposited
exclusively in the axon. However, it is possible that, among the resolved proteins in the
2D fluorographs, other axon-deposited proteins may exist. For example, among the six
FT classes, classes 1, 2 ,3, and 4 proteins were present in either compartment suggesting
the possibility that, perhaps, some of these proteins were destined for both compartments,
as previously described (126). Additional studies are required to discriminate proteins
that are laid down in the axons from those that are destined to the terminals.
Another common characteristic observed among FT classes 1, 3, 4, 5 and 6 is
that the labelled FT activity persisted in all compartments at 24 and 48 hr PIL. Some
of the FT protein activity could be explained by slow tum-over time and, therefore, the
activity may have persisted over a period of time. This could be true for some FT
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Table 3.
Classes of FT proteins.
Class

Name

Characteristics

Special Features

I

25,28,57,59b
64,69,194,206

Found in both axon and terminal

------

2

59a, 89,131

Displayed transient behavior

Mostly High MW

3

L49

Abundance increased at 24 hr in OT

High MW baste

4

56,61,67

Displayed delayed behavior

5

17,18.5,19,193

Preferentially destined to terminal

6

22

Preferentially deposited in axon

-----Mostly low MW acidic
------

Summary of the characterized FT proteins.
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proteins, such as classes 1 and 5. However, the activity observed in other FT proteins,
such as class 4 proteins, could not be explained solely by slow turn-over time. The
relative abundance of these FT proteins increased from 4 to 48 hr PIL even though CPM
result of the total FT population did not show a similar increase.

The CPM result of

the total FT population was highest at 24 hr PEL in both OT and SC compartments. This
result agrees with previous findings reported by Gamer and Mahler (61), whereby the
abundance of newly synthesized FT proteins in the guinea pig SC peaked by 24 hr PIL.
One explanation for such results could be the possibility that newly synthesized FT
proteins continue to be released from the neuronal perikarya, even after the cessation of
radioisotopic incorporation. The continuous release of FT proteins from the GA or a
labeled storage pool, combined with different turnover kinetics, could yield increased,
decreased, or steady-state levels of individual FT proteins. Therefore, the outcome of
prolonged release of slowly turning-over proteins would be increased leveles of these
proteins in axon and/or terminal regions for a period of time. Further, FT proteins that
showed delayed release, such as class 4 proteins, suggest that these proteins could have
been retained in the cell body before their release to the axon. Consistent with this view
are reports that the somatic release of some synapsin I-like protein (62) and other
unidentified FT proteins to axon and terminal regions in rabbit RGCs is delayed (71).
The imputed continuous release of labeled FT proteins would suggest that some
FT proteins may enter a somal storage pool(s), from which they are slowly released, but
fast-transported once they enter the axon, as previously suggested, but not characterized,
by Berry (60) andHammerschlag etal. (66). As illustrated in Figure 41, this suggested
storage pool(s) may include proteins that show delayed release, such as class 4 proteins,
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or prolonged release, such as class 1, 3, S, and 6 proteins. Thus, at least three
populations of FT organelles may be released from the soma into the axon. First,
organelles that are initially routed from trans-GoIgi into a storage pool and then released
into the axon at a later time (delayed release). Second, organelles that are, in part,
directly routed to a storage pool for delayed release and, in part, released immediately
into the axon (prolonged release). Third, organelles that are immediately released into
the axon without entering a storage pool (direct release). Among these organelles, there
may exist a subpopulation of organelles that are destined to the axon, terminal, or both
compartments of the neuron. Further studies are required to definitively determine the
existence of such a somal pool and whether all FT proteins pass through the pool.
Nevertheless, the existence of a somal pool would suggest a novel mechanism by which
the amount and type of FT proteins entering the axon can be regulated independently of
protein synthesis.
Since the existence of a somal storage pool is still speculative, other possiblities
to explain continuous release may relay upon the mechanism of protein synthesis and
sorting in the RER and TGN.

Subcellular fractionation and electron microscopic

autoradiograph (134, 171, 172) studies have revealed that in the first few minutes after
exposure to radioisotope amino acids, radioactive proteins are associated with the RER.
Within 10 minutes the proteins appear in the cis regions of the GA, and after an hour,
most of the radioactivity is localized in vesicular organelles. Some radioactive proteins
remain in RER/GA and have been detected at > 6 hours post-radiolabeling.

As

described earlier (see introduction) some of these proteins contain retention signals to
remain as membmae-bound or soluble luminal constituents of RER and GA. However,
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Fast Transport Initiation
Current m odel

Revised m odel

FIGURE 41. Models of FT initiation. (A) Current model of FT initiation - a direct
translocation of FT vesicle from trans-Golgi into axon. (B) Proposed model based on
results of the present study: (1) some FT vesicles, from the trans Golgi may go directly
into the axon (open, light gray, and dark gray vesicles); (2) a second FT vesicle
population, in addition to directly entering the axon, may enter storage pool(s) for slow
release (light gray, and dark gray vesicles); (3) a third FT vesicle population may enter
the storage pool directly with subsequent delayed release to the axon (solid vesicles). (?)
indicates an uncharacterized storage pool.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

95

there may exist some proteins that are retained temporaryly and then released from the
GA at a later time.

One hypothesis suggests that there is a selective retention of FT

proteins in the RER/GA (13, 175, 176). The mechanisms by which this selective
transient retention take place are yet to be elucidated. Nevertheless, such transient
retention of protein in the RER/GA would provide similar effects as the somatic storage
pool. Thus, the RER and GA may possess additional functions in the regulation of
selective retention and release of some FT proteins.
Despite this latter possibility of RER and GA protein storage, the existence of
somal storage pool remains valid since studies have shown continueous release of some
proteins from the soma to the axon after the ditruption of RER and GA events by
pharmacological agents. Monensin, a Na^ionophore which interrupts intracellular traffic
through the GA (36, 173); Co2*, an antagonist of Ca2*-mediated events (vesicle transfer
from RER to GA and release of vesicles at the trans-GA) (60, 63, 173), brefeldin A,
which disrupts the cis- and medial-GA (105), Fenfluramine, which affects phopholipid
biosynthesis (19, 109), and cycloheximide, which inhibits proteins synthesis (174); are
some of the agents that have been utilized to demonstrate continuous release of some FT
proteins even after the disruption of RER/GA processes.
The transient presence of class 2 proteins may be the result of one of two
possibilities. One possibility is that, soon after synthesis, these proteins could be quickly
cleared from the neuronal perikarya to their axon and terminal compartments and rapidly
(within 24 hr) degraded. A second possibility is that some of these proteins are diffusible
FT proteins that are removed following exocytosis. This latter possibility is supported
by evidence in the present study indicating that protein 59a of class 2 proteins was found
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among the soluble proteins of the FT organelles destined for secretion. The other two
transiently expressed proteins, proteins 89 and 131, were represented in the 2D
fluorographs as multiple spots, each having a similar molecular weight but different
isoelectric point. This type of appearance has been known to be a characteristic of
glycoproteins in which variation in the number of sugar residues present on a given
protein can slightly shift the isoelectric points (22). Most of these glycoproteins are also
known to have molecular weights greater than 35 kDa (56).
The expression of class 5 proteins in the SC, but not in OT, at 24 and 48 hr PIL
suggests that these low molecular weight (<20 kDa) acidic proteins were destined to
terminal regions of the neuron. The 2D fluorograph positions of these proteins highly
resemble that of the terminally destined FT proteins that contain sulfated tyrosine
residues reported by Stone et id. (69, 77) and Huttner (127).
In contrast, the class 6 FT protein (protein 22) was found to be selectively
labelled in nerve compartments suggesting axonal deposition of this protein. Protein 22
was the only one of the >90 resolved proteins that consistently displayed preferential
localization in the axon. Radiolabeled FT protein 22 in SC was not significantly detected
on 2D fluorographs at any time point. Morin et al. (71) have reported that the FT
glucose transporters are preferentially destined to the axolemma. However, these glucose
transporter subunits have molecular weights >45 kDa and, therefore, are unlikely to be
protein 22 candidates.

Other known axonally transported proteins, with similar

molecular weights as protein 22, include the GTP-binding tab 3 proteins and the 23 kDa
growth associated protein (GAP 23). Additional studies are necessary to further identify
and evaluate protein 22.
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Although the six classes of protein that were analyzed were regarded as
anterogradely transported proteins, we can not exclude the possibility that any of the
proteins could be retxogradely transported proteins. Reports have shown that some
terminal proteins, known to have been moving anterogradely at some initial time, move
retrogradely at a later time (167, 168, 169). Other retrogradely transported FT proteins
may be transported as components of lysosomal, pinocytic, and endocytic vesicles.
These retrogradely transported FT proteins may also undergo structural changes due to
proteolytic events. Similarities and differences between newly synthesized anterograde
and retrograde FT proteins at different time of post-labeling have been shown in
one-dimensional electrophoretic studies by Bisby (155). However, further studies are
required to elucidate differences between anterograde and retrograde FT proteins in
two-dimensional fluorographic patterns.

C.

FT PROTEIN COMPOSITION OF THE TRANSPORT ORGANELLES

Two- and one-dimensional fluorographic analysis of fractionated SC synaptosomal
proteins was used to determine the vesicular packaging of FT proteins. The relationship
of newly synthesized FT proteins with the translocated membrane organelles was
examined by isolating synaptosomal fractions of pre-synaptic terminals of the SC.
Previous light and electron microscopic autoradiographic studies have demonstrated that
the majority of axonally transported radiolabeled materials delivered to the terminals
remain within the pre-synaptic neuron (136, 137, 138, 139). Thus the majority of
radiolabeled FT proteins are contained within the synaptosomal fractions. However, the
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2D fluorographic patterns of the present study resolved only the major labeled FT
protein.
Ultrastructural studies revealed the presence of predominantly small clear type
vesicles in the SC synaptosomes. Dense-cored vesicles, which are known to carry
secretory granules (30), were rarely seen.

Small clear vesicles are known to be

associated with secretory neurotransmitters such as y-aminobutyric acid (GABA) and
acetylcholine (31, 31).
In support of the ultrastructural evidence for predominantly small clear vesicles
in SC synaptosomes, ID and 2D fluorographs revealed that the majority of radiolabeled
FT proteins were found as integral membrane, and not as secretory constituents, of
synaptosomal fractions.

The fluorographic results delineated only two FT proteins,

proteins 57 and 59a, as vesicle-soluble radiolabeled proteins. However, it is possible that
other soluble labeled FT proteins could have been lost during the rigorous fractionation
processes. The two resolved soluble proteins could also have an additional peripheral
membrane association with the vesicles, although this was not directly demonstrated.
The two imputed vesicle-soluble proteins belong to classes 1 and 2 of the newly
synthesized FT proteins. The activity of the class 2 FT proteins decline precipitously in
the pathway compartments from 4 to 24 hrs PIL. Given the apparent vesicular soluble
characteristics of these proteins, one possible explanation for their rapid decline in
specific activity, relative to other FT proteins, could be loss or turnover following vesicle
exocytosis. In summary, the results of this second study suggest that the bulk of the
major radiolabeled FT proteins are conveyed as integral membrane constituents of FT
organelles, while very few species are transported as secretory or peripheral membrane
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proteins.

D.

SNAP-25: IMPLICATION OF POSSIBLE ASSOCIATIONS WITH FT AND
SCb PROTEINS

The acid-precipitable CPM results showed SNAP-25 to be the most highly
35S-methionine-labeled (>25% of the total FT labeling) FT protein.

SNAP-25’s

prodigious incorporation of 3iS-methionine and its distinctive electrophoretic mobilities
have been described in several mammalian neural systems including: the RGCs of rabbits
(90, 91, 92, 145, 145), guinea pigs (146, 147), rats (93, 148, 149), and hamsters (150);
the geniculocortical neurons of rats (151); spinal ganglion neurons of guinea pigs (152);
auditory neurons of guinea pigs (152); nigrostriatal neurons of rats (151); vagus nerve
of rabbits (153) and guinea pigs (154); hypoglossal nerve of rabbits (153); ventral horn
motor neurons of rats (155); dorsal root ganglion cells of rats (156, 157) and
hippocampal neurons of mice (158). Its abundance has been indicated in both axons and
terminal regions (91, 93, 145, 151). In the present study, results showed that SNAP-25
was a class 1 FT protein with a similar distribution in axons and pre-synaptic terminal
compartments.
Previous fractionation studies have attributed a role for SNAP-25 in vesicular
docking and fusion at pre-synaptic terminals. This role is believed to be mediated by
SNAP-25's association and interaction with syntaxin, v-SNARES, NSF, and the cytosolic
SNAP family (see introduction). The results of the present study provided evidence that
SNAP-25 was differentially associated with FT and SCb proteins both in the axon and
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terminal regions. FT proteins CO-IP with SNAP-25 in the axon were similar to FT
proteins CO-IP in the pre-synaptic terminal region.

Among the four resolved FT

proteins that CO-IP with SNAP 25, the putative SNAP-25 band was observed along with
another CO-IP protein band which displayed a molecular weight (Mr ~ 18 kDa) similar
to synaptobrevin (159). However, the other CO-IP protein bands displayed molecular
weights (M^ —8 kDa and —16 kDa) unlike other known SNAP-25 associated proteins.
The t-SNARE protein, syntaxin (36 kDa) (160), the v-SNARE protein synaptotagmin (65
kDa) (161), the small GTP binding protein, tab 3A protein (23 kDa) (162, 163), or the
N-ethylmaleimide (NEM)-sensitive factor (NSF) (76 kDa) (80, 164), which are all
believed to be associated with SNAP-25, were not detected.
Several reasons could account for the inability to detect these proteins. First, the
amino acid composition of some of these proteins may not bear enough methionine
residues to allow fluorographic detection. Second, some of the aforementioned proteins
might not be fast transported. Third, since neurotransmission at pre-synaptic terminals
may involve transient interactions between proteins, FT protein association with
SNAP-25 at the pre-synaptic terminals may be a function of neural activity. Fourth,
binding of antibody to SNAP-25 during IP may have produced conformational changes
which release some of the associated proteins.

Finally, the antibody may have

recognized a SNAP-25 epitope that was already occupied by another SNAP-25 associated
protein such as syntaxin. Since the site that the antibody binds to SNAP-25 protein was
already taken, CO-IP of syntaxin with the SNAP-25 antibody might not be facilitated.

The results of SCb proteins CO-IP with SNAP-25 revealed compartment-specific
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SCb associations with SNAP-25. One-D fluorographs revealed that, while some of the
CO-IP SCb proteins in axons displayed similarities with those CO-IP SCb proteins in
terminals, others did not. Apparent differences were noticed between two of the five
resolved proteins (M^ >-33 kDa and —53 kDa) in axons and one of the four resolved
proteins (Mr —18) in terminals. No studies have reported an association of SNAP-25
with SCb proteins or other slow transported proteins. However, a family of cytosolic
proteins known as NSF attachment proteins (SNAPs), which may be conveyed by slow
transport, are believed to have indirect associations with SNAP-25 at pre-synaptic
terminals (165). The a-SNAP (35 kDa), B-SNAP (36 kDa), 7 -SNAP (39 kDa) and NSF
complex are known to play a major role in the mechanism of synaptic vesicle fusion (80,
166). The type of association, direct or indirect, of SNAP-25 with either FT or SCb
proteins is not known.
Further results showed the association of SNAP-25 with the subsets of FT and
SCb proteins was ATP-independent. The presence of exogenous ATP during IP did not
effect the CO-IP results.
The current model of transport envisions SNAP-25 as a terminally-bound protein
conveyed as a component of FT vesicles (Figure 42). The axonal distribution of
SNAP-25, observed in previous studies, was interpreted as terminally-bound species in
transit. As a t-SNARE protein, SNAP-25 becomes incorporated into the cell surface
membrane at the terminal. The result of the present study suggest that some SNAP-25
may be delivered to axolemma rather than the pre-synaptic terminal. Thus, in this
model, SNAP-25 may be deposited in the axon. Stationary SNAP-25 might then interact
with FT and SCb proteins in its role as a t-SNARE. Alternatively, SNAP-25 may
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interact with other FT and SCb proteins during its axonal transport and at pre-synaptic
terminals (Figure 43). However, the association of SNAP-25 with terminal SCb proteins
may be different from those of axonal SCb proteins. The results of the present study
suggest that SNAP-25’s associations with other proteins may be more extensive than
previously realized.

E.

CONTINUED STUDIES

It was observed that the majority of the resolved FT proteins appeared to be
targeted to both axon and terminal regions. Whether the presence of these proteins in
axons was a result of their prolonged release from the neuronal perikarya or a result of
protein deposition is not known. Investigation is underway to differentiate those FT
proteins that are deposited in axons from those that are destined to pre-synaptic
terminals. The strategy for such studies is to dissociate the RGC soma from the nerve
and terminal regions by an ON cut thereby preventing continuous flow of protein from
the cell body to the axon. At various times PEL, the axons of the RGCs will be cut in
vivo at the optic nerve and transport will be allowed to continue for sometime so that
terminally bound FT proteins in the cut nerve distal to the cell body will reach their
destinations (144, 169, 170).

Since, in the distal nerve no more FT proteins are

coming from the cell body FT proteins destined for pre-synaptic terminals will be cleared
from the nerve at the rate of fast transport.

Electrophoretic evaluation of the label

kinetics in the distal region will allow a better differentiation of FT proteins deposited
in axons and FT proteins destined for terminals.
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FIGURE 42. Current model of SNAP-25 transport. SNAP-25 is transported on the
outside of vesicles, anchored to the vesicular membrane by palmitoyl side chains attached
to four tandem cysteine residues. Vesicles (V) are conveyed by the motor protein kinesin
(K) on slower moving microtubules (M). Vesicles containing SNAP-25 are delivered to
pre-synaptic terminal.
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SNAP-25 Axonal Transport
Revised Model
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FIGURE 43. Revised model of SNAP-25 transport. During axonal transport (A), some
of the vesicles containing SNAP-25 may be dropped off in the axon for incorporation into
the axolemma (B). There, they may associate with other FT vesicle, proteins, or cell
surface membrane proteins, or cytosolic (SCb) proteins (rectangular image) (C). Also,
vesicle bound SNAP-25 may associate with the cytosolic (SCb) or other FT proteins
during transit (C). Similar events may exist in the pre-synaptic terminal.
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CHAPTER V
SUMMARY

The objective of this study was to understand further the trafficking of the fast
axonally transported proteins. By using the mammalian optic pathway as a model system
, the fast transported (FT) proteins were characterized in order to illustrate further their
transport initiation, packaging, kinetics, compartmentation, and intermolecular
associations along the transport pathway. The specific aims of this study were to: (1)
determine the compartmental distribution and kinetics of FT proteins; (2) characterize
the organization of FT proteins in the membranous transport vectors; and (3) investigate
intermolecular associations ofthe fast transported 25 kDa synaptosomal-associated protein
(SNAP-25) during transport.
1.

To address the first aim, the retinal ganglion cell (RGC) proteins of the

adult rat were radiolabeled, in vivo, by intraocular injection of 35S-methionine in the
vitreous chamber of the eye. Tissues comprising the major axons and terminals of the
optic pathway were removed at different times post-labeling. By using 2D-SDS-PAGE
and fluorography, two-dimensional maps were obtained representing radiolabeled proteins
along the optic pathway. From quantitative and qualitative analyses of these 2D maps,
the following questions were addressed: (a) what is the relative abundance of proteins in
one compartment vs. another (i.e., do any of the FT-proteins exhibit preferential
localization in the axon or the terminal?); and (b) what are the kinetics (turn-over,
increased/decreased activity as transport time increases) of individual FT proteins in the
optic pathway?
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2. To address the second aim, RGCs were radiolabeled and FT proteins were
allowed to reach the pre-synaptic terminals in the superior colliculus (SC).

The

synaptosomal fractions from the SC were prepared and FT proteins partitioned into
integral, peripheral, and soluble components. From ID and 2D fluorographic analyses
of the FT protein partitioning, the packaging of FT proteins as constituents of
membranous organelles was elucidated.
3.

To accomplish the third aim, RGCs were radiolabeled and nerve (optic

nerve, optic tract), and terminal (SC) tissues of the otpic pathway were removed four
hours and twelve days PEL.

Tissue homogenates were immunoprecipitated with

SNAP-25 antibodies and electrophoretically analyzed. Co-immunoprecipitated proteins
from four hours and twelve days PIL allowed the determination of SNAP-25 association
with other FT proteins and slow transported (SCb) proteins, respectively.
Localization behavior of twenty individual FT proteins in tissues containing the
major axons and terminals of the optic system were determined. Spatial and temporal
examination of these proteins revealed six classes of FT proteins which displayed
distinctive trafficking behavior: class 1 proteins (n=7) were found in both compartments
(axon and terminal) with little or no differences in their specific activity; class 2 proteins
(n=4) showed transient activity or gradual decrease over a period of time (48 hrs) in all
compartments; class 3 proteins (n = l) showed increased activity in the optic tract at 24
hr PIL; class 4 proteins (n=3) displayed a delayed appearance, with increased activity
as transport time extended; class 5 proteins (n=4) demonstrated preferential localization
to pre-synaptic terminal regions; and a class 6 protein (n = 1) was preferentially localized
in the axon region. These kinetics in class 5 and 6 FT proteins would be expected of FT
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proteins which bear signals for specific localization. The delayed appearance of class 4
proteins may reflect a delayed release of these proteins from the neuronal perikarya. The
increased activity, with greater post-labeling time observed in classes 4, 5, and 6
proteins, may indicate prolonged release of these proteins from a fast transport storage
pool in the neuronal perikarya.
The majority of FT proteins were found to be conveyed as integral membrane
constituents of transported organelles while two FT proteins were transported as soluble
components of the organelles. Further analysis appeared to indicate that one of the
soluble proteins could be destined for secretion.
Two-dimensional electrophoretic analyses revealed that SNAP-25 was the major
35S-methionine-labeled FT protein in the adult rat optic pathway. Immunoprecipitation

studies results provided evidence that SNAP-25 may have associations with other FT and
SCb proteins in axon and terminal regions. While differential association of SNAP-25
with SCb proteins between axon and terminal regions was observed, its association with
FT proteins in these regions seemed to be similar. These results suggest that SNAP-25
may have significant intermolecular association both in the axon and at pre-synaptic
terminals.
In summary, the FT proteins in the regions containing the major axonal and
terminal components of the rat optic pathway displayed heterogenous transport initiation,
kinetics, compartmentation, and intermolecular association. Since axons lack sorting
organelles (e.g., Golgi), these results indicate that neurons may have evolved complex
mechanisms for differential delivery of FT proteins from the perikarya.
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LIST OF ABBREVIATIONS
ID
2D
Cl
CO-IP
Ci
FT
GA
GAP

One dimensional
Two dimensional
Co-immunopiecipitates
CO-immunoprecipitated
Curie
Fast transported
Golgi apparatus
Growth associated protein
EEF
Isoelectric focusing
n
Integrated Intensity
Immunoprecipitation
IP
LGN
Lateral geniculate nucleus
NIH
National Institute of Health
NSF
N-ethylmaleimide-sensitive factor
ON
Optic nerve
OT
Optic tract
PA
Post intra-ocular labeling
Rough endoplasmic reticulum
RER
RGC
Retinal ganglion cell
Retrograde transport
RT
Superior colliculus
SC
Slow component a
SCa
Slow component b
SCb
SD
Standard deviation
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SNAP
Soluble NSF attachment protein
SNAP-25
Synaptosomal associated protein of 25 kDa
SNARE
Synaptic vesicle receptor
TCA
Tricarboxylic acid
TGN
Trans-Golgi network
Kilo Dalton
kDa
Isoelectric point
Pi
t-SNARE
Target SNARE
v-SNARE
Vesicle SNARE
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